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ABSTRACT 
 Photocatalytic water splitting over suspended nanoparticles represents a potential 
solution for achieving CO2-neutral energy generation and storage. To design efficient 
photocatalysts, a fundamental understanding of the material’s structure, electronic 
properties, defects, and how these are controlled via synthesis is essential. Both bulk and 
nanoscale materials characterization, in addition to various performance metrics, can be 
combined to elucidate functionality at multiple length scales. In this work, two promising 
visible light harvesting systems are studied in detail: Pt-functionalized graphitic carbon 
nitrides (g-CNxHys) and TiO2-supported CeO2-x composites.  
Electron energy-loss spectroscopy (EELS) is used to sense variations in the local 
concentration of amine moieties (defects believed to facilitate interfacial charge transfer) 
at the surface of a g-CNxHy flake. Using an aloof-beam configuration, spatial resolution is 
maximized while minimizing damage thus providing nanoscale vibrational fingerprints 
similar to infrared absorption spectra. Structural disorder in g-CNxHys is further studied 
using transmission electron microscopy at low electron fluence rates. In-plane structural 
fluctuations revealed variations in the local azimuthal orientation of the heptazine building 
blocks, allowing planar domain sizes to be related to the average polymer chain length. 
Furthermore, competing factors regulating photocatalytic performance in a series of Pt/g-
CNxHys is elucidated. Increased polymer condensation in the g-CNxHy support enhances 
the rate of charge transfer to reactants owing to higher electronic mobility. However, active 
site densities are over 3x lower on the most condensed g-CNxHy which ultimately limits its 
H2 evolution rate (HER). Based on these findings, strategies to improve the cocatalyst 
configuration on intrinsically active supports are given.  
 ii 
 
In TiO2/CeO2-x photocatalysts, the effect of the support particle size on the 
bulk/nanoscale properties and photocatalytic performance is investigated. Small anatase 
supports facilitate highly dispersed CeO2-x species, leading to increased visible light 
absorption and HERs resulting from a higher density of mixed metal oxide (MMO) 
interfaces with Ce3+ species. Using monochromated EELS, bandgap states associated with 
MMO interfaces are detected, revealing electronic transitions from 0.5 eV up to the bulk 
bandgap onset of anatase. Overall, the electron microscopy/spectroscopy techniques 
developed and applied herein sheds light onto the relevant defects and limiting processes 
operating within these photocatalyst systems thus suggesting rational design strategies. 
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 Introduction 
1.1 Motivation 
One of the major technological and political challenges faced by current and future 
generations will be to halt the anthropogenic accumulation of CO2 into the earth’s 
atmosphere. Positive radiative forcing is driven most strongly by CO2, causing incoming 
infrared photons from the sun to be absorbed within the atmosphere, consequently heating 
it up (Hansen et al., 2016; Myhre et al., 2013). Since the 1970s, global temperatures have 
steadily risen at 0.18ºC per decade (Hansen et al., 2016). An overwhelming consensus 
points to the human-caused burning of fossil fuels as triggering this recent warming 
through the extraordinarily high atmospheric concentrations of CO2, which continue to 
exceeded the historic highs of 300 ppm seen within the last 800,000 years  (IPCC, 2014). 
These critical climate “vital signs”, including the global surface temperature, atmospheric 
CO2 concentration, and radiative forcing values of different greenhouse gases are 
graphically illustrated in Figure 1.1.  
Without diverse and widespread mitigation strategies, the global average 
temperature will reach 1.5ºC around 2030-2052 (IPCC, 2018). At this amount of warming, 
extreme weather patterns (e.g., heatwaves, heavy rainfall), sea level rises, and ocean 
acidification are expected to worsen (Hoegh-Guldberg et al., 2018). As a result, crop yields 
will diminish, more wildfires will occur and/or become more severe, natural ecosystems 
will be displaced, and the total number of people in poverty is expected to grow (Hoegh-
Guldberg et al., 2018). In the short term, developed countries must aggressively pursue 
renewable energy generation (e.g., hydroelectric, geothermal, wind, and solar) in addition 
 2 
 
to CO2 capture and sequestration. In the meantime, sustaining investments in basic energy 
sciences research is essential for obtaining carbon-neutral energy generation and storage 
schemes on scales comparable to what exists today. This sentiment has been reflected 
within the U.S. scientific community calling for increased research in the fields of catalysis 
(DOE, 2017a), electrochemistry (DOE, 2017c), nuclear energy (DOE, 2017b), and 
hydrogen production/storage (DOE, 2004). Most likely, a combination of current and 
emerging renewable energy technologies will operate simultaneously to realize net zero 
emissions.  
 
Figure 1.1 Evidence of anthropogenic global warming. The main graph plots the change 
in global surface temperature (black traces), relative to the 1950-1980 average temperature, 
and the atmospheric CO2 concentration from 1955 to present day (red trace); all data was 
obtained from climate.nasa.gov. Effective climate forcing, as of 2016, of various 
greenhouse gasses are compared in the inset (Hansen et al., 2016). 
In terms of carbon-neutral energy generation technologies, photovoltaics will 
dominate the renewable energy portfolio by 2050 owing to the falling capital costs and 
policy-driven tax credits (EIA, 2018). While solar panels can produce electricity on-
demand, the intermittency of incident sunlight necessitates additional energy storage 
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systems to meet real-world energy demands. Solar energy storage can be achieved by direct 
electricity storage (e.g., with batteries or supercapacitors), thermally (e.g., by using solar 
concentrators and heat exchange material), or photoelectrochemically (Y. Hou, Vidu, & 
Stroeve, 2011). Photoelectrochemical routes have immense potential as they rely on 
driving chemical reactions such as solar water splitting or CO2 reduction at ambient 
temperatures to produce high value fuels/chemicals including H2, methane, or methanol 
(Habisreutinger, Schmidt-mende, & Stolarczyk, 2013; Frank E. Osterloh, 2013). These so-
called “solar fuels” can be easily stored and transported for future use while achieving 
much higher energy densities than batteries (Crabtree, Dresselhaus, & Buchanan, 2004). 
Recent arguments have been made to exploit H2 in the so-called “hydrogen 
economy”. H2 is extremely versatile because it can be directly combusted or run through 
fuel-cells to generate electricity for cars or consumer electronics (Crabtree et al., 2004). 
Even today, proton-exchange membrane fuel cell vehicles, using H2 gas as fuel, are 
available to the public (e.g., Toyota Mirai). CO2 capture systems of the future may utilize 
H2 to produce recycled carbonaceous fuels (Jiang, Xiao, Kuznetsov, & Edwards, 2010). 
Currently, ~95% of H2 produced in the U.S. comes from methanol steam reforming, 
emitting CO2 as a byproduct (Dincer & Acar, 2014; Muradov & Veziroǧlu, 2005). 
Subsequently, this H2 is used as an industrial feedstock for fertilizer, oil, or chemical 
synthesis (DOE, 2004). Generating enough H2 to meet future demands, be competitive with 
current gas prices, and mitigate environmental impacts calls for highly efficient and 
inexpensive schemes that do not rely on fossil fuels. 
In one day, the total solar irradiance over the United States is 8.5x1020 J, exceeding 
the global annual energy consumption of 4.3x1020 J (Nocera & Nash, 2007). Today, only 
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~13% of electricity is generated through photovoltaics (EIA, 2019). On a global scale, solar 
water splitting clearly has the potential to produce large quantities of H2 fuel by converting 
this inexhaustible source of energy into stable chemical bonds. This can be achieved in 
several ways: (i) photovoltaics (PV) coupled to an electrolyzer, (ii) thermochemically, (iii) 
using photoelectrochemical (PEC) cells, or (iv) suspended particulate photocatalysts.  
While method (i) could ideally achieve a 20-30% combined efficiency for water 
splitting (by separately optimizing the PV and electrolyzer devices), the expensive 
apparatus means the produced H2 costs around $12/kg, which is well above its current price 
based on steam reforming (Crabtree et al., 2004; Shaner, Atwater, Lewis, & Mcfarland, 
2016). Type (ii) routes rely on dissociating water at elevated temperatures through a multi-
step process over reducible metal oxides like ZnO and Fe3O4 (Perkins & Weimer, 2004). 
Challenges remain including the chemical resistance of reactor materials under reduction 
temperatures and simplifying designs to make the technology more cost competitive and 
scalable (Pagliaro, Konstandopoulos, Ciriminna, & Palmisano, 2010; Perkins & Weimer, 
2004; Seo & Kim, 2018).  
Both systems (iii) and (iv) involve the transfer of photoexcited electrons (and holes) 
across a solid-liquid interface to drive water reduction and oxidation reactions. In a typical 
PEC device, an n-type semiconductor anode is electrically connected through an external 
circuit to a metal cathode; both are submerged in water or an aqueous electrolyte during 
operation (Bhatt & Lee, 2015). An external bias is often applied to increase reaction rates 
(C. Liao, Huang, & Wu, 2012). Several variations of system (iii) are also being explored 
(Walter et al., 2010). Dual bandgap configurations involve an n-type and p-type 
semiconductor as the anode and cathode, respectively, whose complementary light 
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absorption characteristics enable a greater fraction of incident sunlight to be absorbed. This 
also allows a larger range of semiconductor materials, which do not meet the requirements 
for driving water reduction/oxidation on their own, to be leveraged. A photovoltaic cell can 
also be coupled to an n-type photoanode to supply an additional bias for O2 evolution while 
H2 evolution occurs at a separate metal cathode. Comparatively, system (iv) consists of a 
simpler apparatus involving semiconducting powders dispersed in water (Kudo & Miseki, 
2009). Large scale water splitting systems employing photocatalyst powders are 
accordingly simple (Bala Chandran, Breen, Shao, Ardo, & Weber, 2018; Goto et al., 2018; 
James, Baum, Perez, & Baum, 2009; Pinaud et al., 2013). When illuminated with sunlight, 
the photoexcited charge carriers generated within each particle will diffuse to the surface 
to carry out water splitting reactions. The materials choice is critical as an external bias 
cannot be applied but the nanostructures intrinsic to particulate semiconductors can 
advantageously enhance charge separation and light absorption (Frank E. Osterloh, 2013). 
Multiple technoeconomic analyses have been conducted to compare the final cost of 
produced H2 by PEC and powdered photocatalysts routes (James et al., 2009; Pinaud et al., 
2013). The final cost of H2 produced in a single-bed particle suspension reactors are 
typically the cheapest (e.g., around $1.60/kg, compared to $1.39/kg for H2 produced by 
steam reforming) owing to the low capital cost requirement (Pinaud et al., 2013). 
Particle suspension reactors have the potential to realize large scale H2 production 
that is cost competitive with fossil fuels (Fabian et al., 2015). Single-bed reactors, 
commonly referred to as type 1 reactors, are the cheapest to build and maintain but a serious 
drawback emerges in the separation of explosive H2/O2 gas mixtures that form 
simultaneously during operation. Dual-bed reactors (type 2) avoid this hazard by physically 
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separating the H2 and O2 evolution photocatalyst particles but require redox shuttles to 
transport charge across the separate containers. Both type 1 and 2 reactors can also 
accommodate Z-schemes to enhance efficiency. A Z-scheme refers to a tandem-junction 
formed by adjoining two semiconducting particles (which are only compatible with type 
1) or tandem particles connected by a redox shuttle (compatible with type 1 or 2) (Maeda, 
2013; Zhou, Yu, & Jaroniec, 2014). A significant advancement in reactor modelling 
suggested a dual-bed/Z-scheme reactor featuring vertically stacked vessels can achieve 
sustained operation at 1% solar-to-hydrogen (STH) efficiency using currently-available 
materials (Bala Chandran et al., 2018). While continued efforts on reactor design are 
critical to realizing industrial scale solar H2 production, bottlenecks in efficiency are 
universally linked to poor materials performance.  
A critical result emerging from technoeconomic analyses are that STH efficiencies 
must reach 5-10% to produce cost competitive H2 in particle suspension reactors (Pinaud 
et al., 2013). A recent state-of-the-art solid-state Z-scheme system featuring La/Rh-doped 
SrTiO3 and Mo-doped BiVO4 demonstrated an STH of 1.1% at an incident wavelength of 
419 nm (Q. Wang et al., 2016). Single absorbers involving nanocrystalline CoO achieved 
an STH of 5% under simulated sunlight yet deactivate after only one hour (L. Liao et al., 
2013). Nanowire arrays of Mg-doped InGaN nanowires can maintain an STH of 1.8% for 
10 hours under concentrated sunlight (Kibria et al., 2015). Rh/Sb-doped SrTiO3 
functionalized with IrO2 cocatalyst can achieve 0.1% STH under simulated sunlight for 5 
hours (Asai, Nemoto, Jia, & Saito, 2014). Evidently, two key challenges exist for powdered 
photocatalysts: increasing light absorption and resisting deactivation. Figure 1.2 illustrates 
the relationship between the theoretical STH efficiency and the light absorbing properties 
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of the photocatalyst (i.e., the bandgap energy) in a single absorber system (Hisatomi, 
Takanabe, & Domen, 2015). The maximum absorbable wavelength will be determined by 
the semiconductor’s bandgap. Apparent quantum yields (AQY) are defined as the fraction 
of incident photons that are converted to reacted electrons/holes (Hisatomi et al., 2015). 
Presently, AQYs for advanced visible light absorbers rarely exceed 10% whereas AQYs 
are as high as 30-50% for ultraviolet absorbers (Shanshan Chen, Takata, & Domen, 2017). 
In both cases, the corresponding STHs are far from 5%. Deactivation can occur through 
competing photochemical reactions which may result in leaching/transformation of active 
species or sintering of cocatalyst particles, both of which reduce the active surface area (K. 
Han, Kreuger, Mei, & Mul, 2017; L. Liao et al., 2013; Qianlang Liu, Zhang, & Crozier, 
2015; Tao & Crozier, 2016; L. Zhang, Liu, & Crozier, 2019). These realizations continue 
to motivate fundamental research and development of particulate photocatalysts, which 
with careful engineering may reach STH efficiency targets. 
 
Figure 1.2 Relationship between the solar-to-hydrogen (STH) efficiency and the 
semiconductor’s maximum absorbable photon wavelength (determined by its bandgap 
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energy) for apparent quantum yields (AQYs) of 20, 40, 60, 80, and 100% (Hisatomi et al., 
2015). Calculations of STH assume a single absorber. Figure adapted with permission from 
Springer Nature; for copyright agreement see Appendix F. 
A wide variety of materials have now been developed for visible light driven 
photocatalytic water splitting but efficiencies remain low. Developing an understanding of 
structure-activity relationships can help guide synthesis efforts toward the most active 
forms. Gaining a fundamental understanding of the thermodynamics and kinetics of water 
splitting in relationship to the photocatalyst structure and properties are needed to 
intelligently study and design such systems. Both bulk and nanoscale characterization 
techniques, in addition to the use of multiple performance metrics, become equally 
important to elucidate functionality on the single-particle and ensemble level. These topics 
are discussed in detail in the following sections and throughout Chapter 2. The overarching 
goal of this work is to explore the complex interplay between synthesis-related factors 
critical to photocatalytic functionalities in particulate single absorber systems. As such, 
two promising materials systems are studied in detail: Pt-functionalized graphitic carbon 
nitrides and titania-supported ceria composites. Transmission electron microscopy (TEM) 
and spectroscopy techniques are applied and developed to access the nanoscale 
heterogeneities occurring in these materials that are relevant to their functionality and are 
the focus of Chapters 3-6.  
1.2 Photocatalytic Water Splitting 
Particulate photocatalytic water splitting over a single absorber and a Z-scheme 
system coupled by an aqueous redox shuttle are represented schematically in Figure 1.3. 
Incident photons of energy hv > Eg are absorbed, where h is Planck’s constant (4.136x10-
15 eVs), v is the incident photon frequency, and Eg is the semiconductor’s bandgap energy. 
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This process generates excitons, or a bound electron-hole (e--h+) pairs, within the bulk of 
the particles. Subsequently, these photogenerated charge carries must separate and diffuse 
to the surface where they are transferred to supported cocatalyst particles to participate in 
O2 and H2 evolution half reactions. The primary function of cocatalysts are to lower the 
activation energy for each redox reaction, providing physically separated active sites for 
H2/O2 evolution (J. Yang, Wang, Han, & Li, 2013). In tandem particle Z-schemes, an 
additional pair of reactions occur via the redox shuttle. The overall reaction in both cases 
is H2O → H2 + ½O2. Both systems feature different thermodynamic requirements and 
kinetic behavior that govern their functionality. To better understand these fundamental 
processes, these modalities will be compared and discussed in the following sections. 
 
Figure 1.3 Schematic diagram of overall water splitting on a (a) single absorber and a (b) 
two-step (Z-scheme) system coupled by an aqueous redox shuttle (Shanshan Chen et al., 
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2017). Figure adapted with permission from Springer Nature; for copyright agreement see 
Appendix F. 
 Thermodynamic and Kinetic Considerations 
1.2.1.1 Thermodynamics 
The overall reaction of H2O → H2 + ½O2 requires a positive change in the Gibbs 
free energy of ΔGº = 237 kJ/mol of H2O making it an “uphill reaction”. This means that 
some form of energy must be input into the system to make the reaction occur 
spontaneously. The Nernst equation, ΔGº = -zFΔEº, can be used to convert ΔGº to a 
standard electrochemical potential, ΔEº, giving the potential change required per charge 
transferred (Walter et al., 2010). Using this equation, where z is the number of electrons 
transferred per reaction (i.e., z = 2 for water splitting) and F is the Faraday constant (equal 
to Avogadro’s number multiplied by the electron charge), gives |ΔEº| = 1.23 V. This means 
that the theoretical minimum photon energy required to drive overall water splitting is 1.23 
eV.  
Semiconductors are ideal materials for driving this uphill reaction as they provide 
a built-in electromotive force (emf) through the generation of excitons when provided 
sufficient energy to overcome Eg. The bandgap of semiconductors depends on the energy 
difference between the filled valence band (VB) and empty conduction band (CB) and can 
range from ~1.0-3.5 eV for photocatalyst materials (Kudo & Miseki, 2009; Takanabe, 
2017). Both the VB and CB possess a high density of states whereas the bandgap region 
has a very low, or zero, density of states. Upon energy transduction (e.g., through photon 
absorption, heating, or biasing), electrons are promoted to the CB, leaving behind a hole in 
the VB. This excited e--h+ pair can subsequently dissociate and participate in the water 
 11 
 
redox reactions. As discussed in Section 1.1, solar photons are the preferred method for 
exciting these semiconductor materials. In metals, a continuum of energy levels is formed 
near the Fermi level. This type of band structure does not feature the bandgaps 
characteristic of semiconductors. Excited state lifetimes are correspondingly much shorter 
in metals causing rapid thermalization and loss of a suitable emf for driving water splitting 
unless a permanent bias is applied (Gerischer, 1990). Insulators are like semiconductors 
but feature much wider bandgaps (>3 eV), meaning high-energy ultraviolet photons are 
needed to generate e--h+ pairs and therefore are not suitable for utilization of solar energy. 
For these reasons, inorganic semiconductors have been prolifically studied for 
photocatalytic water splitting applications (Kudo & Miseki, 2009).  
The overall water splitting reaction can also be broken into two half reactions: 
 2𝐻2𝑂 + 4ℎ
+  → 𝑂2 + 4𝐻
+ [1.1]  
 2𝐻+ + 2𝑒− → 𝐻2 [1.2]  
where equation 1.1 represents water oxidation and equation 1.2 describes proton reduction. 
The absolute standard electrochemical potentials of each of these half reactions are 
Eº(O2/H2O) = 0.82 V vs NHE and Eº(H
+/H2) = -0.41 V vs NHE for oxidation and reduction, 
respectively (Shanshan Chen et al., 2017). This energy difference corresponds to 1.23 V 
(consistent with the ΔGº requirement) but introduces an additional constraint onto the 
candidate semiconductor material. In a single absorber, the CB minimum and VB 
maximum absolute energy levels need to straddle Eº(H+/H2) and Eº(O2/H2O), which is 
shown schematically in Figure 1.3a. The CB minimum must be more negative than 
Eº(H+/H2) whereas the VB maximum needs to be more positive than Eº(O2/H2O). In 
general, a greater difference between the band edge levels and respective redox potentials 
provide a greater thermodynamic driving force (sometimes referred to as overpotential), 
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but at the expense of light absorption. In a Z-scheme (Figure 1.3b) this constraint is 
avoided. One particulate species needs to possess a VB minimum sufficient for water 
oxidation but does not necessarily need to meet requirements for proton reduction. The 
other material must then have a CB minimum appropriate for proton reduction. This also 
relaxes the strict minimum bandgap energy requirement of 1.23 eV seen in single 
absorbers. Advantageously, smaller bandgap materials can be employed allowing a greater 
fraction of incident sunlight to be harvested. However, the CB minimum and VB maximum 
of the oxygen evolving photocatalyst (OEP) and hydrogen evolving photocatalyst (HEP), 
respectively, must also be able to facilitate reactions with the redox shuttle. The absolute 
electrochemical potential of the redox shuttle will be intermediate between Eº(H+/H2) and 
Eº(O2/H2O) (Shanshan Chen et al., 2017). Common redox shuttles are based on iodine 
(e.g., I3
-/I- and IO3
-/I-) and iron (e.g., Fe3+/Fe2+) through the addition of NaI, KI, Fe2Cl to 
the reactor solution (Shanshan Chen et al., 2017; Fabian et al., 2015).  
Because it can be difficult to measure the absolute CB minimum and VB maximum 
energy levels of particulate semiconductors, half reactions aided by sacrificial reagents are 
often used to test whether a newly synthesized material meets the thermodynamic 
requirements for water splitting (Maeda & Domen, 2016). Due to the redox potentials for 
sacrificial reagents, holes/electrons can more easily and irreversibly oxidize/reduce the 
reagent than water, as shown in Figure 1.4. This means that the opposite charge carriers 
are free to perform either water oxidation or proton reduction. If H2 evolution occurs in the 
presence of hole scavenger, this means the CB minimum is more negative than Eº(H+/H2). 
Similarly, if O2 evolution occurs when an electron scavenger is added, the VB minimum 
is more positive than Eº(O2/H2O). Typical hole scavengers include methanol or 
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triethanolamine. Electron scavengers include aqueous silver ions. For a single absorber, 
the ability to perform both H2/O2 evolution half reactions does not guarantee overall water 
splitting will occur without sacrificial reagents. Several kinetic process must proceed 
successfully to guarantee water redox is achieved, which will be discussed in the following 
section. The study of half reactions can also allow charge transfer processes to be studied 
without the interference of recombination, which can be useful for evaluating the addition 
of cocatalyst or synthesis-related factors (Fabian et al., 2015). For Z-scheme systems, the 
OEP and HEP do not need to independently drive both half reactions. In performing overall 
water splitting, backwards reactions with the redox shuttle must be avoided (Shanshan 
Chen et al., 2017).  
 
Figure 1.4 Schematic diagram showing the use of sacrificial reagents for evaluating a 
candidate material for H2 evolution or O2 evolution half reactions. 
 Photocorrosion is another important factor to consider when screening candidate 
materials for photocatalytic water splitting. Ideally, all photogenerated electrons and holes 
will be consumed in proton reduction and water oxidation, respectively, giving a Faradaic 
efficiency of 100% (Zhebo Chen et al., 2010). Other competing reactions with more 
favorable thermodynamics like photocorrosion, which consumes the photocatalyst itself, 
or non water splitting side reactions may also occur. Both result in a reduced Faradaic 
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efficiency and in the case of photocorrosion, deactivation will also take place causing the 
H2/O2 evolution rates to decrease over time. Most metal oxides used for photocatalytic 
water splitting are stable against photocorrosion by both photogenerated holes or electrons 
(Shiyou Chen & Wang, 2012). Some exceptions include ZnO, Cu2O, and PbO. One reason 
these metal oxides corrode is because the cations are not in the highest valence state (e.g., 
Cu+ and Pb2+ can be further oxidized to Cu2+ and Pb4+, respectively). In the case of ZnO, 
the material is stable in neutral water but photocorrodes in acidic environments of pH = 4.5 
(Domenech & Prieto, 2005). Metal sulfides and nitrides typically undergo oxidative 
decomposition, meaning that photogenerated holes react with the material (instead of 
water) releasing metal ions into solution (Shiyou Chen & Wang, 2012; Kudo & Miseki, 
2009). Thermodynamically, this occurs when the standard electrochemical potential for 
semiconductor oxidation (e.g., CdS + 2h+ → Cd2+ + S in the case of CdS) is more negative 
than Eº(O2/H2O), as shown in Figure 1.5. Sacrificial reagents can help restore the 
photocatalytic activity by providing a more thermodynamically favorable alternate path for 
photogenerated holes resulting in only H2 evolution (Kudo & Miseki, 2009). As such, these 
photochemically unstable metal sulfides and oxides are commonly employed in Z-scheme 
systems (Aguirre, Zhou, Eugene, Guzman, & Grela, 2017; T. Kato et al., 2015; Tada, 
Mitsui, Kiyonaga, Akita, & Tanaka, 2006).  
In summary, the thermodynamic requirements for screening single-absorbers are 
more stringent than that of Z-schemes systems. Single-absorbers’ band edges must straddle 
both the H2 and O2 standard redox potentials, possess an optimal bandgap to provide 
sufficient driving force for photogenerated electrons and holes, and resist photocorrosion. 
On the other hand, Z-scheme candidates only need to possess the proper band edge 
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alignment for driving one half reaction and do not need to satisfy the minimum bandgap 
energy of 1.23 eV. The risk of photocorrosion also becomes minimized by the use of redox 
shuttles in Z-scheme systems. 
 
Figure 1.5 Schematic energy level diagram showing why photocorrosion of CdS occurs 
due to self-oxidation under light illumination (Shiyou Chen & Wang, 2012). 
1.2.1.2 Kinetics 
While selecting candidate water splitting materials based on thermodynamic 
properties is essential, it does not guarantee high reactions rates and STH efficiencies. 
There are several kinetic processes operating on different time scales that must 
cooperatively take place to sustain the water splitting reactions as depicted in Figure 1.6. 
Firstly, the light-harvesting support must absorb incident photons and generate excitons 
which occurs on the order of femtoseconds (Tüysüz & Chan, 2016). Within femto-
picoseconds, the initially excited electrons and holes will relax to the CB minimum and 
VB maximum, respectively, through a process called thermalization (Hisatomi et al., 2015; 
Takanabe, 2017). The exciton must then be separated, usually on the order of picoseconds, 
so that free carriers can diffuse through the bulk of the semiconductor support to reach the 
surface. Typically, H2 and O2 evolution cocatalysts will be loaded on the surface wherein 
an additional charge transfer step must take place across the support-cocatalyst interface. 
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Carrier diffusion and transport in photocatalysts generally need to occur on microsecond 
time scales to overcome recombination effects. The slowest processes occurring on micro-
millisecond and second time scales involve the surface redox reactions and mass transport 
of reactants, respectively (Hisatomi et al., 2015; Takanabe, 2017). Each of these kinetic 
processes are influenced by the materials synthesis approach, support-cocatalyst 
configuration, solid-electrolyte interface, and reactor design. It is important to understand 
these relationships so that limiting processes can be improved, leading to higher 
efficiencies. The following sections will focus on the kinetic aspects most strongly 
influenced by the semiconductor and cocatalyst materials properties. 
 
Figure 1.6 Gear-representation of the kinetic processes, each operating on different time 
scales, working together to achieve overall water splitting. 
Photon Absorption and Exciton Generation 
Photon absorption by particle suspensions will depend on both the intrinsic 
materials properties and extrinsic factors relating to the particle size/geometry and amount 
of powder added to the reactor (Hisatomi et al., 2015; Tüysüz & Chan, 2016). The 
electronic structure of the semiconductor, which in turn is determined by its structure and 
defects will ultimately determine the bandgap energy, presence of defects states, and nature 
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of transitions being direct or indirect. These factors will manifest in the absorption 
coefficient, α(λ) [cm-1], which describes the fraction of incident light intensity absorbed 
per unit depth into the material as a function of incident photon wavelength. A direct 
bandgap material is more efficient at converting incident photons to excitons as the CB 
minimum point and VB maximum point are aligned in momentum space. Indirect bandgaps 
occur when there is a momentum offset between the CB minimum and VB maximum 
meaning additional phonon absorption/emission is required simultaneously upon photon 
absorption to generate an exciton. As such, photocatalysts with direct bandgaps will 
generally possess higher absorption coefficients (e.g., 104-106 cm-1 vs 103-105 cm-1 for 
direct and indirect bandgap materials, respectively) (Takanabe, 2017).  
Precise measurement of the absorption coefficient with optical spectroscopy is 
more challenging for powders compared to thin films due to the difficulty of quantifying 
the thickness and contributions from scattering. Instead, diffuse reflectance spectroscopy 
is carried out on bulk powders to obtain Kubelka-Munk spectra which are useful for 
determining bandgap energies and will be discussed further in Chapter 2. Kramers Kronig 
analysis can be applied to electron energy-loss spectra of individual or clusters of particles 
to obtain dielectric functions and subsequently absorption coefficients over a range of 
wavelengths (R.F. Egerton, 2008a). Alternatively, density functional theory can simulate 
the electronic density of states for a given crystal structure with errors on the order of ~10% 
for bandgap calculations (Bahers, Rérat, & Sautet, 2014). Subsequently, the theoretical 
absorption coefficient can be obtained.  
Another consequence of the absorption coefficient is the light penetration depth, 
which can be obtained by taking the inverse of α at a given wavelength. Also referred to as 
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the absorption depth, describes how far light of a given wavelength will travel into the 
material until it is attenuated by a factor of 1/e, or about 36% of the original intensity. 
Because the absorption coefficient continually increases for photon energies greater than 
the bandgap energy in semiconductors, penetration depths for short wavelength photons 
are generally much shorter than that of long wavelength photons. This means that excitons 
generated from ultraviolet photons form closer to the surface while visible light will 
propagate deeper into the particle before being absorbed and generating excitons. As a 
consequence, recombination events are more likely to occur in visible light-harvesting 
supports as the majority of excitons will require much longer diffusion distances to reach 
reactants (Garcia-Esparza & Takanabe, 2016).  
For a given material, the optimal particle size for maximizing photon absorption 
per particle can also be informed by the penetration depths for wavelengths closest to the 
bandgap energy (Takanabe, 2017). As an example, Garcia-Esparza et al. calculated that for 
a Ta3N5 particle of size 50 nm, photon wavelengths larger than 450 nm cannot be absorbed 
and a 500 nm particle size is needed to fully absorb all incident light above the bandgap 
(Garcia-Esparza & Takanabe, 2016). However, because suspension reactors rely on an 
ensemble of particles, a large fraction of the incident light can still be absorbed when using 
smaller particles. Optimal bulk light absorption in the reactor can be achieved by 
monitoring the H2/O2 evolution rates as a function of the amount of powder added to 
solution until the rates become constant indicating that all light is being absorbed (Kisch 
& Bahnemann, 2015). Another advantage of utilizing particulate photocatalysts is that 
scattering is maximized, allowing light that may otherwise be transmitted to be absorbed 
by adjacent particles in the reactor (Frank E. Osterloh, 2013).  
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By assuming photon absorption generates an exciton (and ignoring reflection), an 
approximation of the carrier generation rate, G, as a function of depth, x, can be related to 
the Beer-Lambert law through the following equation: 𝐺 =  𝛼(𝜆)𝐼0(𝜆)𝑒
−𝛼(𝜆)𝑥, where I0(λ) 
is the incident photon flux at a specific wavelength per unit area (Takanabe, 2017; Tüysüz 
& Chan, 2016). The total carrier generation rate within a particle for a particular 
wavelength can then be obtained by integrating G over the thickness of the absorbing 
material to yield 𝐺𝑡𝑜𝑡 =  𝐼0(𝜆) − 𝐼0(𝜆)𝑒
−𝛼(𝜆)𝑡, where t is the thickness (the second term is 
equivalent to the fraction of transmitted light intensity). In this view, accuracy of G will be 
tied to how well α represents the specific particulate semiconductor material being studied. 
Characterization of α using optical spectroscopic techniques is usually performed on thin 
films therefore the scattering effects (and hence absorption) may be different for the same 
material in powder form. On the other hand, α obtained through DFT simulations will 
contain systematic errors as discussed previously. Absorption coefficients obtained from 
EELS data may only represent the properties of a small fraction of the ensemble of 
particles, therefore the degree of heterogeneity in the powder should also be considered. 
Accurate measurement of incident photon flux is also essential. In practice, an estimation 
of the carrier generation rate may be obtained experimentally by fixing the incident light 
intensity and adjusting the amount of powder added to the reactor until the reaction rates 
stabilize (i.e., photon absorption is saturated). With knowledge of the bandgap energy and 
direct measurement of the incident spectrum on the reactor, the photon flux above the 
bandgap of the photocatalyst can be integrated to approximate the carrier generation rate. 
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Exciton Separation 
In order for an exciton to convert to a pair of free carriers, the exciton binding 
energy (Eb) must be overcome by thermal fluctuations which are about 25 meV at room 
temperature (Bahers et al., 2014). The exciton binding energy is determined by the 
coulombic force between the electron and hole in the specific dielectric environment 
imposed by the semiconductor. Therefore, Eb decreases as the dielectric constant of the 
semiconductor increases due to the large amount of screening that washes out the 
electrostatic force experienced between the excited charges. A typical photocatalyst 
semiconductor, TiO2 in the rutile phase, has an Eb of 10-20 meV making it suitable for 
spontaneous charge separation (Bahers et al., 2014). Excitons formed in inorganic 
semiconductors are typically referred to as Mott-Wannier type whereas the highly bound 
excitons (i.e., Eb up to 1 eV) found in polymers are referred to as Frenkel type (Tüysüz & 
Chan, 2016). Separation of Frenkel excitons can be assisted by bulk heterojunction 
architectures, which are described elsewhere (Nelson, 2011). In polymeric materials, Eb 
can actually be smaller for excitons formed near or at the surface because the high dielectric 
constant of water (εr ~ 80) can effectively screen the highly bound, Frenkel type excitons 
(Guiglion, Butchosa, & Zwijnenburg, 2016). Interfaces between metal cocatalyst or 
aqueous solution containing redox shuttle or sacrificial reagent and the light-harvesting 
support should also perturb the exciton binding energies near the surface and potentially 
enhance charge separation in polymers. 
Carrier Diffusion and Transport 
 Once free charge carriers are formed through exciton dissociation, carrier lifetimes 
will determine the number of available charges for diffusion and transport across interfaces. 
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Carrier lifetimes are influenced by charge recombination including bulk and surface 
contributions. Bulk recombination can occur through a Shockley-Read-Hall process 
involving localized energy states within the bandgap formed by impurities, band-to-band 
radiative, and band-to-band Auger processes (Takanabe, 2017). Surface recombination at 
the depletion region formed by the semiconductor-electrolyte interface, semiconductor-
cocatalyst interface, and surface defects may be enhanced in powder semiconductors 
(Frank E. Osterloh, 2013).  
The generation rate of “usable” charge carriers will be determined by the carrier 
generation rate cancelled out by any recombination rates. Theoretically, a characteristic 
carrier lifetime can be ascribed to each recombination mechanism which are reciprocally 
added together to obtain the effective carrier lifetime: 
1
𝜏
=
1
𝜏𝑏𝑢𝑙𝑘
+
1
𝜏𝑠𝑢𝑟𝑓
 (Takanabe, 2017). 
Experimentally, lifetimes can be measured through time-resolved fluorescence emission 
decay spectroscopy, time-resolved infrared absorption, and transient absorption 
spectroscopy (Xin Li et al., 2015). The carrier lifetime, τ, can be related to its corresponding 
diffusion rate constant, D, to obtain the mean carrier diffusion length through 𝐿 = √𝐷τ 
(Frank E. Osterloh, 2013; Takanabe, 2017; Walter et al., 2010). Undoped semiconductors 
typically have longer L values due to the higher diffusion rate constants originating from 
smaller electron/hole effective mass. When doping is present, the majority carriers’ 
diffusion length will increase at the expense of the minority carriers’. Ultimately, the 
availability of charge carriers will be limited by the minority carrier characteristics. Most 
importantly, this criterion can inform the particle size of the semiconductor which needs to 
be smaller than both Le and Lh to ensure low rates of recombination. Addition of well 
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dispersed cocatalyst can also help to reduce surface recombination by providing a high 
density of physically separate electron/hole “traps”. 
Free carrier drift has two driving forces: (i) concentration gradients of free carriers 
and (ii) potential gradients (Tüysüz & Chan, 2016). Factor (i) will be governed by the 
concentration gradient of both electrons and holes and their respective diffusion 
coefficients. These can be related to the electron and hole mobilities through the Einstein 
relationship 𝐷 =
𝑘𝐵𝑇
𝑒
𝜇 where T is temperature, e is the electron charge, and µ is the electron 
or hole mobility. Essentially, this is a thermally activated process and can be quite sluggish 
at room temperature unless the semiconductor possesses high (minority) carrier mobility. 
Mobilities are an intrinsic property of the semiconductor depending on the carriers’ 
effective mass which can be determined by simulating electronic structures or directly 
through Hall measurements (Takanabe, 2017). In general, bulk mobilities decrease as the 
donor concentration (i.e., defect density) increases (Garcia-Esparza & Takanabe, 2016). 
Although high mobilities are desired, many metal oxides like Fe2O3, MnO2, and IrO2 which 
possess lower mobilities and carrier lifetimes can still be useful as photocatalysts by 
nanoscaling (Frank E. Osterloh, 2013). Factor (ii) relates to either external applied electric 
fields or internal potential gradients within the photocatalyst nanoparticles. In suspension 
reactors, external electric fields are not applied. There are, however, different internal 
potential gradients that can arise from semiconductor-electrolyte and semiconductor-metal 
interfaces both of which can influence carrier diffusion and transport.  
At the semiconductor-electrolyte interface, equilibration of the semiconductor 
Fermi level and reduction potential of the solution will occur and cause band bending in 
the semiconductor near this interface (Gerischer, 1990; Takanabe, 2017). This results in a 
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space charge layer when photocatalysts are submerged in water whose width depends on 
the (majority) carrier density (Takanabe & Domen, 2012). For carrier densities of 1016-1020 
cm-3, space charge layers range from nano to micrometers. Typical particulate 
photocatalysts are within this size range which means that the space charge effect due to 
band bending is generally not noticeable.  
At semiconductor-metal interfaces, as in the support-cocatalyst interface, energy 
level equilibration occurs between the semiconductor’s and the metal’s Fermi level (Z. 
Zhang & Yates, 2012). Depending on the relative energies of their work functions (which 
are related to their Fermi levels), either a Schottky barrier or ohmic contact is formed. 
These two scenarios are schematically represented in Figure 1.7. If the metal work function 
is greater than the semiconductors’ (i.e., the Fermi level of the metal is lower in energy), 
electrons will transfer from the semiconductor to the metal until the Fermi levels 
equilibrate. Near this interface, the CB and VB will bend upwards creating a Schottky 
barrier. This occurs for noble metals Pt, Pd, Au, Rh, Ru, and Ag loaded onto TiO2 as their 
work functions are all greater than TiO2’s at 4.2 eV (Leung et al., 2010). When the 
photocatalyst is illuminated, its quasi Fermi level will increase and drive electron injection 
into the supported metal but the barrier prevents transfer of electrons back into the 
semiconductor. In this way, metal cocatalysts with Schottky contacts can serve as electron 
traps which reduces charge recombination (Xin Li et al., 2015; J. Yang et al., 2013). When 
the metal work function is lower than the semiconductor’s, an ohmic contact is formed. 
This results in an electron accumulation layer near the interface characterized by 
semiconductor band bending in the opposite direction which can enhance charge transfer 
to the cocatalyst for H2 evolution reactions (Hisatomi et al., 2015). Ohmic contacts can be 
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challenging to form due to the work function requirements and inhomogeneous surfaces 
on particulate semiconductors (Takanabe, 2017). However, similar to the case with 
potential gradient effects caused by semiconductor-electrolyte interfaces, the local electric 
field effects near semiconductor-metal heterojunctions are diminished when systems are 
nanosized (Frank E. Osterloh, 2013).  
 
Figure 1.7 Energy band diagrams of a semiconductor/metal interface wherein a Schottky 
barrier (left) and ohmic contact (right) are formed. The symbols represent the following: 
ϕm, ϕs = metal and semiconductor work functions, respectively; Ec, Ev = CB minimum and 
VB maximum, respectively; EF,m EF,s = fermi level of metal and semiconductor, 
respectively; Evac = vacuum level (energy of free electron outside material). Adapted with 
permission from (Z. Zhang & Yates, 2012). © 2012 American Chemical Society. For 
copyright agreement see Appendix F. 
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Catalytic Efficiency 
Ideally, all photogenerated charge carriers that reach the surface of the 
semiconductor or supported cocatalyst particles should be consumed readily by water 
redox reactions. Both H2 and O2 evolution reactions involve different energetically 
intensive intermediate steps characterized by the multiple transition states of adsorbed 
species. For H2 evolution, protons (H
+) in water must adsorb onto the surface of the 
photocatalyst to form bonds and finally desorb to become an H2 product molecule 
(Hisatomi et al., 2015; J. Yang et al., 2013). In the process, two electrons are transferred. 
Pt is recognized as one of the best surfaces for facilitating this reaction since it possesses a 
moderate metal-hydrogen bond strength, as seen in Figure 1.8. A low metal-hydrogen bond 
strength (e.g., Pb, In, Cd) causes poor H atom adsorption and so product formation is low. 
Similarly, a very high metal-hydrogen bond strength (e.g., Mo, Ta, Nb) means that products 
cannot desorb, and efficiency again becomes limited. As such, the activation energy for H2 
evolution can be effectively minimized over Pt cocatalyst (Xin Li et al., 2015). The metal 
cocatalyst size can also effect the efficiency of photogenerated charge transfer to reactants 
since for small particles, the Fermi level will shift toward more negative potentials creating 
a stronger overpotential (L. Zhang et al., 2019) 
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Figure 1.8 Volcano plot for several transition metal H2 evolution cocatalysts: the exchange 
current for H2 evolution, a metric for catalytic efficiency, is plotted against the metal-
hydrogen (M-H) bond strength (Galizzioli & Trasatti, 2006). Adapted with permission 
from Elsevier; for copyright agreement see Appendix F. 
The O2 evolution reaction is more challenging because it requires a four-electron 
transfer in addition to the consumption of four protons for O2 bonds to form (i.e., 2H2O → 
O2 + 4H
+ + 4e-) (Kanan & Nocera, 2008; Man et al., 2011). Intermediate adsorption, bond 
formation from metal-oxo complexes, and desorption transition states are also involved 
(Design et al., 2008; Hisatomi et al., 2015). Common O2 evolution cocatalysts include IrO2, 
RuO2, NiO, and Co3O4 wherein the metal cation can exist in multiple oxidation states to 
accommodate the collection of photogenerated holes (J. Yang et al., 2013). Similar to H2 
evolution cocatalysts, product formation from O2 evolution reactions on metal oxide 
surfaces is strongly correlated with the adsorption energy of excited intermediate molecules 
(i.e., O*, HO*) as shown in Figure 1.9 (Man et al., 2011). For weak surface oxygen 
bonding, product formation is limited by the oxidation of HO* radicals whereas for strong 
binding energies, O2 evolution is limited by the formation of HOO* species (Man et al., 
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2011). RuO2 is one of the best O2 evolution cocatalysts in terms of its moderate metal-
oxygen surface bond strength.  
The overall activation energy for water splitting surface reactions is dominated by 
the slow O2 evolution half reaction and is why appreciable reaction rates are achieved for 
visible light-absorbers with bandgap energies from 1.5-2.5 eV or higher (Zhebo Chen et 
al., 2010; Frank E Osterloh & Parkinson, 2011; J. Yang et al., 2013). With larger bandgap 
energies, sufficient overpotential beyond the thermodynamic requirement (1.23 eV) can be 
supplied to photogenerated charge carriers so that they can more easily overcome the 
aforementioned kinetic barriers.  
 
Figure 1.9 Volcano plot for several metal oxides used for O2 evolution: the theoretical 
overpotential, correlated with catalytic efficiency, is plotted against the difference in 
adsorption energies of O* and HO* intermediate species (Man et al., 2011). Adapted with 
permission from John Wiley and Sons; for copyright agreement see Appendix F. 
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Another important consideration is the minimization of back reactions and 
photocorrosion. Typically, good H2 evolution cocatalysts also facilitate H2O formation 
through oxygen reduction which reduces the STH efficiency. To kinetically turn off this 
competing reaction, thin oxide shells can be coated on the noble metals’ surface forming a 
so-called core@shell cocatalyst. A classic example are Maeda and Domen’s Rh@Cr2O3 
cocatalysts first demonstrated in 2006. An approximately 2-3 nm shell of Cr2O3 envelopes 
a 2-nm Rh core, as represented schematically in Figure 1.10. It was hypothesized that this 
configuration allows protons and H2 to diffuse through the shell but blocks O2 molecules 
from passing through, effectively blocking water formation at the Rh core. To selectively 
deposit the Cr2O3 onto the metal particles, a method called photodeposition is used which 
will be discussed further in the next section. Photodeposited Cr2O3 shells can also protect 
other H2 evolution cocatalysts, such as NiOx, from peeling off of the support and eluting 
into solution as Ni(OH)2, which helps suppress deactivation (Maeda, Sakamoto, Ikeda, & 
Ohtsuka, 2010). Ni@NiO cocatalyst have also been evaluated as a dual H2/O2 evolution 
cocatalyst while protecting the Ni core for leaching but stability of the nanostructures are 
difficult to maintain possibly due to the poor quality of the NiO shell (Qianlang Liu et al., 
2015; L. Zhang, Liu, Aoki, & Crozier, 2015). Amorphous Ti- and Si-containing 
oxyhydroxide layers have been shown to coat the entire surface of cocatalyst-
functionalized semiconductor particles (Pan et al., 2015). By coating both the cocatalyst 
and semiconductor surfaces, water formation at the cocatalyst and N2 evolution due to 
photocorrosion of the support were minimized. In this view, dual loading approaches 
leveraging both H2 and O2 evolution cocatalysts that are configured to minimize back 
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reactions and/or photocorrosion are challenging, but promising routes for developing 
robust water splitting photocatalysts.  
 
Figure 1.10 Schematic example of a core@shell H2 evolution cocatalyst wherein the O2 
reduction back reaction, forming water, is kinetically turned off by the Cr2O3 coating while 
aqueous protons can reach the Rh core for the reduction reaction (Maeda & Domen, 2016).   
A major advantage of Z-scheme water splitting systems are that these competing 
reactions can be minimized (Xin Li et al., 2015; C. Liao et al., 2012). Because the H2/O2 
evolution sites are physically separated in a two-vessel reactor coupled by redox shuttles, 
on the H2 evolution side, minimal amounts of dissolved O2 gas would be available for water 
formation. However, there is a possibility for the redox shuttle reactions to occur in the 
wrong direction and hinder water splitting efficiency (Maeda, 2013). For example, in a Z-
scheme system using BiVO4 as an O2 evolution photocatalyst and a IO
3-/I- redox shuttle, I- 
ions were preferentially oxidized by photogenerated holes (Abe, Sayama, & Sugihara, 
2005).  
 Cocatalyst Loading Method 
 The specific loading method for cocatalyst should also have an impact on the 
cocatalysts’ effectiveness for enhancing redox reactions. Two of the most common loading 
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approaches include impregnation and photodeposition, which are schematically 
represented in Figure 1.11. For impregnation, metal salt precursors containing the desired 
cations are dissolved in water at various concentrations then mixed with the photocatalyst 
powder. The aqueous mixture will infiltrate the host powder via capillary forces or through 
physical mixing (usually aided by stirring or grinding) when larger quantities of liquid are 
used. Subsequently, the mixture is dried and then calcined at a target temperature to burn 
off precursors. The selection of the calcining atmosphere, temperature, and thermal history 
may affect the resultant particle size distribution, morphology, composition, interface 
quality and any surface oxide layers formed in the case of non-noble metals. This method 
is compatible with a wide range of cocatalyst materials provided there are available 
precursors that dissolve in aqueous solutions.  
Photodeposition involves a photochemical reaction between photogenerated 
electrons/holes in the semiconductor support and aqueous metal ions (Wenderich & Mul, 
2016). Only metal precursors with redox potentials that are compatible with the CB/VB 
flat band potentials of the light-harvesting support will be deposited. Because the PtCl4
2-
/Pt redox potential is more positive (on the V vs. NHE scale) than Eº(H+/H2), Pt can be 
readily photodeposited on many photocatalysts used for H2 evolution (Wenderich & Mul, 
2016). Some advantages of this method include the ability to control deposited particles’ 
oxidation state and/or to selectively deposit in distinct regions based on the crystallographic 
surface termination. In nanocrystals, the electron/hole mobilities may be strongest in 
unique crystallographic directions causing the photogenerated charge carriers to 
accumulate on different surfaces and hence photodeposited particles. Differences in surface 
adsorption of precursors may also play a role. Many process parameters can influence the 
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resulting morphology and structure of photodeposited particles including the amount of 
powder and metal precursor in the slurry, the sacrificial reagent used (or absence thereof), 
the incident light intensity and spectrum, and atmosphere above the aqueous mixture. 
 
Figure 1.11 Schematic diagram outlining two common loading methods for cocatalyst: 
impregnation (top) and photodeposition (bottom). 
The stability of the cocatalyst is also not guaranteed. Ni@NiO supported on TiO2 
have been found to produce H2 through a photochemical reaction with the Ni metal core 
which results in Ni2+ dissolution and eventual deactivation (L. Zhang et al., 2015). On 
Ta2O5, the corrosion behavior is more ambiguous and cannot be directly attributed to Ni 
leaching (Qianlang Liu et al., 2015). Instead, corrosion behavior is associated with Ni 
diffusion resulting in void-shell or NiO nanoblock structures. Transient reaction rates have 
also been attributed to light-induced restructuring of Ni@NiO cocatalyst on SrTiO3 
resulting in NiOOH surface layers and reduced efficiency (K. Han et al., 2017). Pt-
functionalized TiO2 can undergo deactivation through a photoelectrochemical Ostwald 
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ripening processes triggered by the increased conductivity within the semiconductor upon 
irradiation (L. Zhang et al., 2019). In all cases, the heterogeneous nanostructures formed 
by cocatalysts and their dynamic rearrangements under reaction conditions are going to be 
unique to each materials system and synthesis approach.  
 Performance Metrics 
Broadly, performance metrics can either represent an ensemble effect of the 
dispersed powder (e.g., H2/O2 evolution rates, STH efficiency, apparent quantum yield)  or 
a local approximation of the reaction rate occurring per active site (e.g., turnover 
frequency). Different performance metrics can also be more useful for benchmarking 
device/materials performance vs. performing fundamental studies to understand structure-
function relationships. Some of the most common metrics will be discussed in more detail 
below. 
1.2.3.1 H2/O2 Evolution Rates (HER, OER) 
The H2 and O2 evolution rates (HER and OER, respectively) describe the product 
formation rate of a dispersed photocatalyst powder and are the most common performance 
metric utilized in the relevant literature. They are also used to calculate other performance 
metrics such as the apparent quantum yield, STH efficiency, and turnover frequency. 
Typically, HERs and OERs are measured by means of gas chromatography (which will be 
described in detail in Chapter 2) of the photoreactors’ headspace. While ubiquitously 
reported, product formation rates are highly dependent on several factors, which if not well 
understood can complicate the interpretation of structure-activity relationships and/or lead 
to unreliable benchmarking. Factors influencing HER/OERs include the amount of 
photocatalyst added to the reactor, the incident light spectrum, absorption coefficient, and 
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concentration of reactant/product molecules (Kisch & Bahnemann, 2015; Qureshi & 
Takanabe, 2017).  
Figure 1.12 illustrates the impact of changing the photocatalyst concentration 
within the reactor on the HER/OER for three different theoretical photocatalysts. At low 
photocatalyst concentration, comparing the reaction rates may lead to the conclusion that 
photocatalyst A is the best because its product formation rate is above that of B and C. 
However, if the powder concentration is increased, eventually photocatalyst B looks most 
efficient. This may be because photocatalyst A has the highest optical absorption 
coefficient causing it to convert more photons into product molecules with less powder. 
While photocatalyst B may have a lower absorption coefficient, it may facilitate more 
efficient charge separation/transport meaning at higher concentrations more product can 
be generated than for A. At any rate, the desired application of the photocatalyst (i.e., using 
the least amount of material or maximizing photon conversion efficiency) must also be 
considered when discussing performance based on HER/OERs.  
The two regimes of reaction rates depicted in Figure 1.12 may be referred to as 
differential and optimal reactor concentrations. The optimal photocatalyst concentration 
means that upon adding more powder to the reactor (all other input factors constant), the 
reaction rate does not change whereas in the differential regime the reaction rate 
continually increases with powder concentration.  
In the relevant literature, reaction rates are most typically compared between 
different photocatalysts at the same concentration of powder in the reactor and experiments 
have not be presented to show whether these concentrations are in the differential or 
optimal regime. Performing HER/OER measurements at the optimal concentration ensures 
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that all incident photons are being consumed. This is most important when considering the 
photonic efficiencies of different photocatalysts, optimizing reactor design, and obtaining 
benchmark values. For performing diagnostics of, for example, how synthesis-related 
factors affect performance of a particular materials system, qualitative observations such 
as the ranking of reaction rates between different samples is more important; as such, the 
concentration regime associated with reaction rate measurements is less critical. Besides 
that, the reactor geometry can affect the concentration of reactants at the surface of the 
photocatalyst particles and associated reaction rates. Most photoreactors can be 
approximated as continuously stirred tank reactors (CSTR) meaning that the reactant 
molecule concentration is that same at all surfaces of the photocatalyst (Kisch & 
Bahnemann, 2015).  
 
Figure 1.12 Possible product formation rate dependencies on the amount of photocatalyst 
added to the reactor for three different theoretical photocatalysts. Adapted with permission 
from (Qureshi & Takanabe, 2017). © 2017 American Chemical Society. For copyright 
agreement see Appendix F. 
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Benchmarking of photocatalyst performance using reaction rates should be made 
in the optimal concentration condition, but additional factors can complicate the reliability 
or reproducibility of these rates when measurements are made across different labs. For 
example, even if one uses the same synthesis approach and optimizes the photocatalyst 
concentration, the resulting HER/OER may be different than a previous benchmark value 
because of differences in incident light spectra and reactor geometries. If the initial 
benchmarking was done with a more powerful lamp, attempting to reproduce the 
measurement (i.e., achieving the optimal powder concentration) using a lower powered 
lamp may result in lower product formation rates. On the other hand, if the benchmarking 
comparisons are performed with different lamps (i.e., Xe vs Hg source), the spectral 
distributions will be different and may affect the charge generation/transport and resulting 
HER/OERs. When optical filters are additionally used to customize the incident light 
spectrum, it further complicates cross-lab benchmarking. All of these issues stem from the 
fact that each lab has its own apparatus for testing photocatalysts (Kisch & Bahnemann, 
2015). Establishment of widespread benchmarking procedures and reporting protocols for 
photocatalyst reaction rates are ongoing issues within the community which are described 
in more detail in the cited literature (Zhebo Chen et al., 2010; Kisch & Bahnemann, 2015; 
Ohtani, 2008; Qureshi & Takanabe, 2017). A growing consensus within the community is 
leaning toward photonic efficiency metrics such as the apparent quantum yield and STH 
efficiency as being more promising avenues for benchmarking materials. 
1.2.3.2 Solar-to-Hydrogen (STH) Efficiency 
The STH efficiency describes the “power-in, power-out” efficiency of converting 
incident solar energy into stored chemical energy through the formation of molecular H2 
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bonds. Like the HER/OERs, the STH efficiency is an ensemble metric representing the 
collective performance of all components in the system. It is defined through the following 
equation:  
 
𝑆𝑇𝐻 =
𝐻𝐸𝑅 × Δ𝐺𝑜
𝑃𝐴𝑀1.5 × 𝐴
× 100%  [1.3]  
where ΔGº = 237 kJ/mol, HER is the H2 evolution rate, PAM1.5 is the standard solar energy 
flux for an air mass of 1.5 (1000 W/m2), and A is the illuminated area of the reactor 
(Hisatomi et al., 2015). The illuminated area is unique the photoreactor and should be 
measured for each apparatus. For calculation of the STH, the photoreactor should be 
operated in the optimal regime (i.e., the amount of powder added should not change the 
product formation rates), a solar simulator is ideally employed as the light source, and no 
sacrificial reagent should be present in the reactor (Qureshi & Takanabe, 2017). This means 
that the photocatalyst being evaluated must demonstrate overall water splitting unassisted 
by sacrificial reagents for a meaningful STH efficiency to be reported. Arguably, this is the 
“most important of all efficiency measurements” because it can determine whether a 
certain photocatalyst and/or reactor device is viable for cost-competitive production of 
solar H2 (Zhebo Chen, Dinh, & Miller, 2013; Zhebo Chen et al., 2010). Therefore, utilizing 
the STH for photocatalyst benchmarking has become more widely supported for the 
development of photocatalyst materials.  
1.2.3.3 Apparent Quantum Yield (AQY) 
The apparent quantum yield (AQY) is defined as the number of reacted electrons 
per incident photon, by the ensemble of photocatalyst particles, at a certain wavelength as: 
 
𝐴𝑄𝑌(𝜆) =  
𝑛 × 𝑅
𝐼0
 [1.4]  
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where n, R, and I0 are the number of electrons transferred per reaction (2 for the HER and 
4 for the OER), the HER or OER, and the total incident photon flux at a certain wavelength, 
respectively (Hisatomi et al., 2015). AQYs derived from the HER and OER are equal for 
overall water splitting reactions since the stoichiometric production of H2 will be twice that 
of O2. The product formation rates must be obtained when the reactor is operating in the 
optimal concentration regime under monochromatic light (Hisatomi et al., 2015). Unlike 
the STH efficiency, which describes the system response to the entire solar spectrum, the 
AQY is associated with the photonic efficiency at a particular wavelength. As such, 
bandpass filters can be used to produce a (nearly) monochromatic incident spectrum on the 
reactor. Furthermore, if AQYs are obtained over a range of wavelengths above the bandgap 
energy of the photocatalyst, the trend can be used to estimate the AQYs over a wider range 
of wavelengths so that the maximum STH efficiency can be estimated (Zhebo Chen et al., 
2013). 
Due to the contributions of scattering and reflection, it is challenging to quantify 
the actual number of photons absorbed by the photocatalyst (which will be less than the 
incident number) and therefore the AQY will be an underestimate of the true quantum 
efficiency which directly relates to charge recombination (Kudo & Miseki, 2009; Xin Li et 
al., 2015). As a diagnostic tool, comparing AQYs at the same wavelength for different 
materials syntheses/preparation routes can be useful for evaluating the degree to which 
recombination rates are affected. However, as light scattering and reflection (which affect 
photon absorption) are related to the powder aggregate size, batch-to-batch variations in 
differently prepared photocatalysts should be noted when making AQY comparisons, 
especially when AQY differences are small (Qureshi & Takanabe, 2017). In other words, 
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even when the powder concentration is in the optimal regime (all photons consumed within 
the reactor), it is impossible to know the number of absorbed photons due to unknown 
scattering/reflection effects. For benchmarking purposes, the incident light intensity and 
distribution (which should be approximately monochromatic) should be additionally 
reported.  
1.2.3.4 Turnover Frequency (TOF) 
The turnover frequency (TOF) is defined as the rate of reacted molecules per active 
site and is written as: 
 
𝑇𝑂𝐹 =  
# 𝐻2 𝑜𝑟 𝑂2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑠⁄
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠
 [1.5]  
where the number of active sites is approximated by the total number of atoms at the surface 
of supported cocatalyst particles involved in either H2 or O2 evolution reactions (Xin Li et 
al., 2015; Qureshi & Takanabe, 2017). For bare photocatalysts (no cocatalyst), the TOF 
may be normalized to the number of atoms on the surface of the semiconductor (Kudo & 
Miseki, 2009). 
In principle, the TOF of all active sites in a particulate photocatalyst may not be 
equal for several reasons. For metal particles functioning as H2 evolution cocatalysts, there 
will be a potential shift (i.e., Fermi level shift) within the particles depending on the 
efficiency of charge transport from the light harvesting support into the metal particle 
(Domen et al., 2009). Another mechanism responsible for potential shifts within supported 
metal particles originates from chemical potential differences between the solid phase (e.g., 
Pt metal) and its liquid component (e.g., Pt2+ ions) (L. Zhang et al., 2019). Depending on 
the concentration of metal ions in solution, there will be a size-dependent potential shift 
that will affect the particles’ overpotential for transferring charge to reactants. The 
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formation of Schottky barriers, ohmic contacts, or defective interfaces that impede charge 
transfer will also affect the catalytic efficiency of supported cocatalyst. Importantly, this 
implies that the activity of metal cocatalyst particles is nonuniform and some particles may 
even be dormant due to inefficient charge transfer at the interface. At best, the TOF will 
therefore represent an average activity value of all cocatalyst surface sites (Qureshi & 
Takanabe, 2017).  
1.3 Development of Visible Light Absorbing Photocatalysts 
Since the discovery of water photolysis over TiO2 in 1972, hundreds of inorganic 
metal oxide materials, which predominately harvest ultraviolet light, have been prolifically 
studied and developed for water splitting applications (Fujishima & Honda, 1972; Kudo & 
Miseki, 2009; F E Osterloh, 2008). More recently, an emphasis on the development and 
discovery of visible light active particulate photocatalysts has permeated the relevant 
scientific community (Shanshan Chen et al., 2017; X. Chen, Li, Grätzel, Kostecki, & Mao, 
2012; Fajrina & Tahir, 2019; Jafari, Moharreri, Amin, Miao, & Song, 2016; Xin Li et al., 
2015; Takanabe & Domen, 2012). The following will provide a synopsis of the most 
prevalent approaches to developing visible light absorbing particulate photocatalysts for 
overall water splitting. These can be broken into the following categories: (i) doping of 
ultraviolet-absorbing metal oxides, (ii) synthesis of metal (oxy)nitride and metal 
oxysulfides, (iii) surface modification, and (iv) the use of polymers based on graphitic 
carbon nitrides (g-CNxHys). Progress on Z-scheme systems will not be covered here but 
are discussed in detail in the relevant literature (Maeda, 2013; Zhou et al., 2014). In the 
later sections, increased focus will be given to the rapidly emerging field g-CNxHy 
photocatalysts and Ce surface-functionalized TiO2 as these materials have been the subject 
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of study in the following chapters. As a reference to the reader, Figure 1.13 contains the 
flat band potentials of some common semiconductor supports (e.g., TiO2, SrTiO3, TaON, 
and g-CNxHy) in relation to the water redox potentials.  
 
Figure 1.13 Flat band potentials of several common photocatalyst materials in relation to 
the water redox potentials (Kudo & Miseki, 2009; Takanabe, 2017; Xinchen Wang et al., 
2009). 
 Synopsis of the Most Common Approaches and Advancements  
1.3.1.1 Doping of Metal Oxides 
Historically, the metal oxides with d0 (e.g., Ti4+, Zr4+, Nb5+, Ta5+, W6+) and d10 (e.g., 
Ga3+, In3+, Ge4+, Sn4+, Sb5+) cation electronic configurations have been developed for 
overall water splitting but possess large bandgaps only capable of absorbing ultraviolet 
light (Shanshan Chen et al., 2017). The origin of the wide bandgaps in these metal oxides 
is due to the low-lying VB minimum, located at ~3 V vs. NHE, originating from O-2p 
orbitals. Introducing additional energy levels above the O-2p level through doping has 
therefore become prevalent. Doping means that some fraction of metal cations in the host 
structure are replaced by impurity atoms with the goal of inducing a change to the 
electronic structure.  
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Cation Doping 
Addition of transition metals possessing d1-d9 configurations can introduce 
impurity levels above the O2p level associated with the d-bands of the dopant ion which 
reduces the minimum photon energy for exciting electrons into the CB. For bulk doping, 
the dopants and host cations can be introduced through separate metal oxide precursors, 
mixed, and calcined at high temperatures to facilitate a solid state synthesis (Takanabe & 
Domen, 2012). A successful synthesis will often result in a color change relative to the 
undoped, white powder signifying bulk visible light absorption. However, due to the 
localized nature of the impurity energy levels, the doping sites can also function as 
recombination centers and therefore not all dopant/host structure configurations will be 
successful photocatalysts (Shanshan Chen et al., 2017; Kudo & Miseki, 2009).  
Transition metal doping of SrTiO3 has been most successful when using Rh dopant, 
compared to other elements such as Ru, Pd, and Ir (Konta, Ishii, Kato, & Kudo, 2004). All 
dopants except for Pd resulted in increased visible light absorption and product formation 
rates assisted by sacrificial reagents. The optimized preparation contained 1 at% Rh 
resulting in Rh3+ donor levels situated 2.3 eV below the CB minimum. On the other hand, 
Rh doping of TiO2 induces visible light absorption but renders it inactive for water splitting 
due to Rh4+ formation upon replacement of Ti4+ ions, which increases recombination rates 
(Niishiro, Konta, Kato, Chun, & Asakura, 2007). As such, suitable codopants may be 
introduced for purposes of charge balancing to stabilize desired impurity metal ions known 
to enhance photocatalytic activity under visible light. 
By codoping TiO2 with Rh and Sb at 1.3 and 2.6 at%, respectively, Rh
3+ ions are 
stabilized which provides an Rh-4d donor level 2.1 eV below the CB minimum and 
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enhanced OERs with sacrificial reagent (Niishiro et al., 2007). Although Rh-doped SrTiO3 
is active for the H2 evolution half reaction under visible light, codoping with Sb can 
suppress Rh4+ formation and activate O2 evolution with sacrificial reagents (Niishiro, 
Tanaka, & Kudo, 2014). Codoping with Sb and Cr has been effectively applied to both 
SrTiO3 and TiO2 to induce visible light active H2 and O2 evolution, respectively (H. Kato 
& Kudo, 2002). Another example of charge balancing action of codopants applied to rutile 
TiO2 and SrTiO3 are with Ni plus Ta or Nb (Niishiro, Kato, & Kudo, 2005). In both 
codoped materials, visible light sensitization was achieved by the introduction of Ni-3d 
donor levels associated with Ni2+ ions. As a result, the effective bandgap energy was 
reduced to 2.6 and 2.8 eV for rutile TiO2 (bandgap = 3.0 eV) and SrTiO3 (bandgap = 3.2 
eV), respectively. Codoping Ni:TiO2 with either Ta or Nb significantly increased the 
optical absorption characteristics (and product formation rate) by suppressing oxygen 
defect formation occurring in the exclusively Ni-doped material through charge balancing. 
For SrTiO3, Ni doping introduced Ni
3+ defect states that acted as recombination centers 
whereas codoping with Ta5+ was able to charge compensate resulting in the stabilization 
of Ni2+ donor levels. Continued optimization of codopants into metal oxides has resulted 
in the overall water spitting photocatalyst based on Rh/Sb:SrTiO3 functionalized with an 
IrO2 cocatalyst (Asai et al., 2014). This material achieves an AQY of 0.1% at 420 nm and 
can absorb visible light with wavelengths up to 500 nm. 
Anion Doping 
Non-metal (anion) doping with N, C, S, B, P, and F atoms is yet another popular 
strategy to produce visible light active TiO2 photocatalysts (Fujishima, Zhang, & Tryk, 
2008). The earliest reports on this topic involve N-doped TiO2 exhibiting extended visible 
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light absorption up to 500 nm and activity for methylene blue decomposition under visible 
light (Asahi et al., 2001). The authors utilized DFT calculations to predict the band 
structures of several non-metal dopants and concluded that substitutional N dopants 
provided the optimal modification for several reasons. These included the necessary 
introduction of states within the TiO2 bandgap, the impurity levels sat higher than the water 
reduction potential to maintain a driving force, and hybridization between the N-p and O-
2p states of TiO2 to ensure charge transport. Since then, various routes for synthesizing N-
doped TiO2 have been explored including hydrothermal, sol-gel, and hydrolysis techniques 
(Ihara, Miyoshi, Iriyama, Matsumoto, & Sugihara, 2003; Jagadale et al., 2008; H. Li et al., 
2015; Sakthivel, Janczarek, & Kisch, 2004; Sathish, Viswanathan, Viswanath, & Gopinath, 
2005; D. Wu, Long, Cai, Chen, & Wu, 2010). 
One of the earliest demonstrations of C doping into TiO2 took place in 2002 by 
Kahn et al. through flame pyrolysis of Ti metal in natural gas (Kahn, Al-Shahry, & Ingler, 
2002). The resultant material was predominately rutile phase, active for overall water 
splitting, and possessed a narrowed bandgap at 2.32 eV and significant absorption out to 
520 nm. Anatase TiO2 can be doped with substitutional C atoms through calcination of TiC 
powders (Irie, Watanabe, & Hashimoto, 2003). Various titanium alkoxides can be used to 
fabricate C-doped TiO2 through sol-gel method (Lettmann, Hildenbrand, Kisch, Macyk, & 
Maier, 2001). The resulting particles are about 10 nm in size, anatase phase, possess 
various C content ranging from 0.06-0.6 wt%, and band tails up to 550-750 nm. S-doped 
TiO2 can be prepared by both oxidative heating of TiS or through sol-gel approaches 
(Ohno, 2003; Ohno et al., 2004; Takeshita et al., 2006; Umebayashi, Yamaki, Itoh, & Asai, 
2003). In the TiS derived material, a redshifted bandgap was attributed to S-3p orbitals 
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mixing with VB states native to anatase TiO2 which resulted from S substitution for O 
lattice atoms (Umebayashi et al., 2003). In the case of sol-gel synthesis carried out at 
temperatures below 600ºC, anatase TiO2 is doped with S
4+ ions (substituting for lattice Ti) 
with an inhomogeneous distribution characterized by 1.6 at% at the surface and 0.5 at% in 
the bulk (Ohno et al., 2004). Both a redshifted bandgap and strong band tail extending 
beyond 500 nm is also observed. Chen et al. compared C-, N-, and S-doped TiO2 
nanoparticles produced by oxidation of titanium carbide, nitride, and sulfide to understand 
the origin of electronic structure modification (X. Chen & Burda, 2008). Based on diffuse 
reflectance and X-ray photoelectron spectroscopy, the authors concluded that the bandgap 
states responsible for visible light absorption were C-2p, S-3p, and N-2p in the differently 
doped materials. Furthermore, there was evidence for both substitutional and interstitial 
impurity atom configurations in the N-doped sample.  
Because non-metal dopants can incorporate into the host lattice through substitution 
or occupying interstitial sites, clear interpretation of the origins of visible light absorption 
in these materials has cause ongoing debate. Among the hypotheses are (i) bandgap 
narrowing due to impurity orbitals mixing with that of the host lattice’s VB, (ii) formation 
of localized states above the VB due to impurity atoms, (iii) formation of localized acceptor 
states below the CB due to O vacancies, and (iv) midgap states from impurity levels and O 
vacancies (Fujishima et al., 2008; Xin Li et al., 2015).  
1.3.1.2 Synthesis of (Oxy)nitrides and Oxysulfides 
One of the major challenges associated with doping of ultraviolet-absorbing metal 
oxides is achieving enhanced visible light absorption while not increasing charge carrier 
recombination rates. Metal sulfides and metal chalcogenides have intrinsically smaller 
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bandgaps capable of absorbing visible light and have proper band alignments for driving 
water splitting (Tsuyoshi Takata, Pan, & Domen, 2016). However, these materials suffer 
from photo-oxidation making them unstable photocatalysts (Kudo & Miseki, 2009; 
Tsuyoshi Takata et al., 2016). Ta3N5 has a bandgap energy of 2.1 eV and demonstrates 
stable H2/O2 evolution with sacrificial reagents making it a potentially promising metal 
nitride photocatalyst for utilizing visible light (Hitoki et al., 2002; Moriya, Takata, & 
Domen, 2013; Nurlaela, Ziani, & Takanabe, 2016; T. Takata et al., 2007). Both Ta3N5 and 
TaON can be obtained by treating Ta2O5 in flowing NH3 at elevated temperatures, the later 
of which demonstrates higher O2 evolution rate due to the slightly deeper VB maximum 
(T. Takata et al., 2007).  
Solid solutions between metal oxides, nitrides, and sulfides of the same crystal 
structure form oxynitrides or oxysulfides. The ability to continuously tune the bandgap 
energy of these materials, based on constituent stoichiometry, has fueled intense research 
in this area as it relates to photocatalytic water splitting applications (Xin Li et al., 2015; 
Moriya et al., 2013; Tsuyoshi Takata et al., 2016). Oxynitrides make use of N-2p states 
which sit above the low-lying O-2p state, effectively minimizing the bandgap while 
maintaining resistance toward photocorrosion (Shanshan Chen et al., 2017). Many 
formulations of oxynitrides have been synthesized over the years by Domen and coworkers 
(e.g., LaTaON2; MTaO2N where M = Ca, Sr, Ba; LaTiO2N, LaNbON2, and MNbO2N 
where M = Ca, Sr, Ba), most of which are in the perovskite structure, with bandgap energies 
ranging from 1.6-2.4 eV (Tsuyoshi Takata et al., 2016). Many of these earlier formulations 
are only capable of H2 and/or O2 evolution in the presence of sacrificial reagents and not 
overall water splitting.  
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As with doping of metal oxides, substitutional cations can also be incorporated into 
oxynitride solid solutions to modify electronic properties and make these materials more 
conducive to overall water splitting. A successful combination was the addition of Mg2+ 
for Ta5+ in LaTaON2 forming the series of LaMgxTa1-xO1+3xN2-3x compounds (Pan et al., 
2015). The addition of Mg modulated the bandgap energy of the resulting solids from 1.94-
2.21 eV for x = 0-0.5, resulting in optimum product formation rates for x = 1/3. In a follow-
up study, it was concluded that the addition of Mg2+ for Ta5+ also caused O2- to substitute 
for N3-, causing the VB minimum to shift upwards (Pan et al., 2016). Solid solutions 
between GaN and ZnO have given rise to (Ga1-xZnx)(N1-xOx) photocatalysts also capable 
of overall water splitting (Maeda, Takata, et al., 2005; Maeda et al., 2006; Maeda, 
Teramura, et al., 2005). Both component materials are in the wurtzite structure and their 
mixture also produces a wurtzite structure with lattice parameters intermediate between 
that of GaN and ZnO (Maeda, Takata, et al., 2005). The corresponding bandgap energies 
ranged from 2.62-2.83 eV for decreasing amounts of Zn (x going from 0.22 to 0.05) 
(Maeda, Teramura, et al., 2005). The optimized compound contained a moderate amount 
of Zn with x = 0.12. Another oxynitride recently discovered to be active for overall water 
splitting is CaTaO2N with a bandgap of 2.43 eV attributed to an up-shifted VB maximum 
relative to the O-2p level (Xu, Pan, Takata, & Domen, 2015).  
Notable examples of oxysulfide photocatalysts include La5Ti2MS5O7 (M = Ag, Cu) 
and Sm2Ti2S2O5 (A. Ishikawa et al., 2002, 2004, 2003; Suzuki et al., 2012). For 
La5Ti2MS5O7 (M = Ag, Cu) compounds, the visible light absorption capability can be 
extended to 570 and 650 nm for M = Ag and Cu, respectively. Both materials’ VB 
maximum were composed of S-3p orbitals but in the Cu-containing compound, there was 
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additional contribution from Cu-3d orbitals which caused the additional light absorption. 
Similarly, in Sm2Ti2S2O5 the bandgap is ~2.0 eV due to the S-3p level contribution (A. 
Ishikawa et al., 2002). In all cases, the resultant compounds are active for both O2 and H2 
evolution from water with the assistance of sacrificial reagents. As such, many of the 
oxysulfides produced to date may be further developed for Z-scheme water splitting 
(Shanshan Chen et al., 2016). 
1.3.1.3 Surface Modification 
As pointed out in a comprehensive theoretical study Garcia-Esparza and Takanabe, 
particulate photocatalysts’ overall efficiency is limited by recombination in the bulk as 
excitons generated by visible light require much longer diffusion lengths (Garcia-Esparza 
& Takanabe, 2016). Arguably, this suggests that photocatalytic activity can primarily be 
attributed to charge carriers generated near or at the surface, which in traditional single-
absorber systems will result from ultraviolet light absorption. These realizations have 
spurred new directions for photocatalysts design making use of surface modification to 
sensitize photocatalysts’ surfaces to visible light. In this way, charge generation is confined 
to the surface so that bulk recombination is avoided. Various examples of the different 
surface modification strategies will be described in the following. 
Dye Sensitization 
Dye sensitization can extend visible light absorption of photocatalysts far into the 
visible and even the IR region (X. Zhang, Peng, & Song, 2016). The dye molecule will be 
adsorbed onto the semiconductor surface and absorb visible light photons through its 
HOMO-LUMO gap (i.e., the highest-occupied molecular orbital and lowest-unoccupied 
molecular orbital). Band alignment of the LUMO level must be more negative (in terms of 
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electrochemical potential) than the semiconductors’ CB minimum for charge injection to 
occur. Due to the still low efficiencies, sacrificial reagents are commonly employed in these 
systems and therefore the HOMO level must be more positive than the sacrificial reagents 
redox potential. Desired properties of the dye include stability of the dye against 
degradation, a wide spectral response covering the visible and near-infrared regime, high 
absorption coefficient, and long charge carrier lifetimes. Several dye types have been 
formulated over the years and include metal-organic complexes, organics, and quantum 
dots. For example, both TiO2 and g-CNxHy have been successfully loaded with organic and 
metal-organic dyes, respectively (Takanabe, Kamata, Wang, & Antonietti, 2010; Tiwari, 
Mondal, & Pal, 2015). Both showed improved product formation rates for the H2 evolution 
half reactions under visible light with dye additives present.  
Functionalization with Plasmonic Metal Nanoparticles 
Plasmon-enhanced photocatalytic water splitting is another emerging trend for 
developing efficient solar fuel production (W. Hou & Cronin, 2013). Unlike VB-to-CB 
transitions or HOMO-LUMO gap excitations that occur in semiconductors and polymers, 
respectively, light absorption due to plasmon resonance is selective to a narrow range of 
wavelengths. So-called localized surface plasmons (LSPs) are collective oscillations of 
free electrons near the surface of metal nanoparticles causing strong light absorption, 
scattering, and enhanced local electromagnetic fields when excited at their resonance 
frequency (Hutter & Fendler, 2004; Xin Li et al., 2015; Thomann et al., 2011). Common 
LSP active materials are Au, Ag, and Cu which have resonance frequencies in the visible 
range (Aslam, Rao, Chavez, & Linic, 2018). In addition to the materials choice, the particle 
size and dispersion can further allow resonance frequencies and hot spots (i.e., where the 
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electromagnetic field has high intensity) to be tuned (Kamat, 2002; Linic, Christopher, & 
Ingram, 2011). As such, the LSP effect can make ultraviolet-responsive systems active 
under visible light by concentrating the charge generation and transport processes near the 
surface. For example, a 66x increase in the photocurrent at zero bias for incident light of λ 
= 633 nm was demonstrated by plasmonic Au nanoparticles loaded onto TiO2 (Z. Liu, Hou, 
Pavaskar, Aykol, & Cronin, 2011). While much progress in this area has been made, 
improved control over synthesis to achieve the complex hierarchical geometries and 
predictive models to guide such approaches need to be continually developed (Linic et al., 
2011). 
Surface Defect Engineering 
Surface defect engineering is another strategy to locally modify the electronic 
structure of a light-harvesting semiconductor with the goal of creating “chemically useful” 
charge carriers (term coined by S. Linic et al.), or those that can participate in surface redox 
reactions (Linic et al., 2011). This can involve altering the surface structure, by creating 
vacancies or interfaces for example, that induce states within the bandgap of the 
semiconductor supports’ electronic structure. Similar to the dyes and plasmonic metal 
nanoparticles, the close proximity of these visible light absorbing species to the support 
ensures higher rates of charge carrier transfer making them chemically useful for 
photocatalysis.  
One example is surface disordered TiO2 formed by hydrogenation (X. Chen et al., 
2011). The processing of TiO2 nanocrystals essentially formed a core-shell structure 
wherein the core, ~8 nm crystalline anatase, is surrounded by a highly disordered <1-nm 
outer layer. The outer layer is so disordered that a continuum of bandgap states is formed 
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allowing it to absorb photons of wavelength out to 950 nm. Accompanying DFT 
simulations attributed the bandgap states to Ti-3d and O-2p/Ti-3d hybridized orbitals 
arising from a disordered anatase lattice. The H atoms present due to hydrogenation only 
served to stabilize the disordered structure and did not contribute to the modified electronic 
structure. The system was also stable for overall water splitting under a solar simulator for 
at least 22 days.  
Another interesting strategy includes depositing an appropriate, complementary 
metal oxide (such as CeO2) onto the TiO2 surface to form mixed metal oxide (MMO) 
interfaces, which have predominately been studied for thermal catalysis but more recently 
for photocatalytic water splitting (Jose A Rodriguez & Stacchiola, 2010). Depending on 
the Ce loading, the optical absorption spectra of TiO2-CeO2 composites can extend up to 
550 nm (Kundu et al., 2012; Luo et al., 2015). Visible light absorption is hypothesized to 
originate from partially-occupied Ce-4f states that arise from an enrichment of Ce3+ at the 
MMO interface and act as donor levels within TiO2’s bandgap (Kundu et al., 2012). 
Various CeO2-x  morphologies including single atoms, clusters, elongated CeO2 plates, and 
CeO2 particles have been observed as a result of wet impregnation of Ce onto TiO2 anatase 
(Luo et al., 2015). However, structure-activity relationships regarding the impact of 
increasing Ce3+ concentration on photocatalytic performance remain inconsistent, possibly 
due to the structurally dependent light absorbing properties of different MMO interfaces. 
A more detailed review of the atomic and interfacial structures, relevant progress, and open 
questions motivating the work in Chapter 6 will be presented in Section 1.3.3. 
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1.3.1.4 Polymers Based on Graphitic Carbon Nitride  
Graphitic carbon nitrides (g-CNxHys) are layered polymer materials that offer a 
wide synthesis-property space that may be optimized for photocatalytic water splitting 
under visible light (Cao, Low, Yu, & Jaroniec, 2015; T. S. Miller et al., 2017). As such, it 
is now one of the most intensely studied particulate photocatalysts as evidenced by the 
rapidly growing number of scientific publications that mention “carbon nitride” or “g-
C3N4” in the title or abstract (T. S. Miller et al., 2017). Early reports on this material date 
back to 1922 when E.C. Franklin attributed this material to a byproduct formed during 
synthesis of “Pharaoh’s serpent” curiosities (which date back to almost 200 years ago) 
(Franklin, 1922; Thomas S Miller, Suter, Aliev, Sella, & Mcmillan, 2017). Scientific 
interest in this material re-emerged in 2009 when Wang and coworkers demonstrated 
photocatalytic H2/O2 production with sacrificial reagents under visible light by a g-CNxHy 
powder with and without the addition of cocatalyst (Xinchen Wang et al., 2009). Years 
later, the first account of overall water splitting by a carbon nanodot-functionalized g-
CNxHy through an alternative pathway involving the intermediate formation and oxidation 
of H2O2 was reported in Science (J. Liu et al., 2015). Most recently, overall water splitting 
through the direct mechanism by a g-CNxHy loaded with Pt, PtOx and CoOx cocatalysts 
was achieved (G. Zhang, Lan, Lin, Lin, & Wang, 2016). Beyond that, several strategies 
that have been applied to metal oxide semiconductors such as metal/non-metal doping, 
heterojunction formation, meso/nano-structuring, and Z-scheme approaches have also been 
explored within the g-CNxHy system (Cao et al., 2015; Kessler et al., 2017; Jian Liu, Wang, 
& Antonietti, 2016; Naseri, Samadi, Pourjavadi, Moshfegh, & Ramakrishna, 2017; J. Zhu, 
Xiao, Li, & Carabineiro, 2014).  
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In parallel, triazine (C3N3) based forms of layered carbon nitrides, including 
poly(triazine) imide and fully-condensed C3N4, have also been investigated for 
photocatalytic applications (Algara-Siller et al., 2014; Bojdys, Müller, Antonietti, & 
Thomas, 2008; Ham, Maeda, Cha, Takanabe, & Domen, 2013; Jorge et al., 2013; 
McDermott et al., 2013; Mesch et al., 2016; Thomas S. Miller et al., 2017; Schwinghammer 
et al., 2014, 2013; Wirnhier et al., 2011). These materials have garnered less attention 
possibly due to the complex synthesis and deactivation that occurs under reaction 
conditions (Schwinghammer et al., 2014). A deeper discussion on the structure, synthesis, 
relevant properties of heptazine-based g-CNxHys, and opportunities for further research are 
presented in the following section. 
 Graphitic Carbon Nitride Photocatalysts 
1.3.2.1 Structure 
The g-CNxHy compounds formed by thermolytic condensation produce 
nanocrystalline materials that resemble melon, whose in-plane structure is depicted in 
Figure 1.14 (Botari, Huhn, Lau, Lotsch, & Blum, 2017; Bettina V. Lotsch et al., 2007; T. 
S. Miller et al., 2017). Melon is constructed from secondary amine (N-H) bridged heptazine 
(C6N7) chains terminated by N-H2 groups which are stabilized through a hydrogen bonding 
network at a limiting composition of C2N3H (Botari et al., 2017; Bettina V. Lotsch et al., 
2007). The extended planes of these zig-zag chains are stacked via Van der Waals forces. 
The a and b lattice parameters are approximately equal to 16.7 and 12.4 Å, respectively, 
while the layer stacking distance is around 3.2 Å. Variations of the a and b lattice 
parameters originate from differences in the in-plane separation distance between the 
polymer chains, which is around 6.9 Å (Fina, Callear, Carins, & Irvine, 2015; Kessler et 
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al., 2017). Similarly, layer separation distances can range from 3.2-3.3 Å depending on the 
synthesis conditions (C. Merschjann et al., 2013; Christoph Merschjann et al., 2015). 
Subtle structural differences in differently condensed g-CNxHys are a topic of ongoing 
study but are believed to originate from nano-crystallinity, turbostratic stacking disorder, 
and/or in-plane structural disorder (Botari et al., 2017; Bettina V. Lotsch et al., 2007; T. S. 
Miller et al., 2017). In this way, g-CNxHys are more similar to conjugated polymers than 
graphitic materials since they do not feature full in-plane atomic coordination (as in 
graphene) but rather extended oligomer/polymer chains that assume a planar arrangement 
due to hydrogen bonding (Kessler et al., 2017). Nevertheless, the widely adapted 
nomenclature of graphitic carbon nitride or g-CNxHy will be used throughout this report. 
 
Figure 1.14 Single layer structure model of polymeric melon (C2N3H), representing the 
ideal crystalline structure of g-CNxHys synthesized by thermolytic condensation (Fina et 
al., 2015). 
So far, structural investigations into g-CNxHys are quite limited and have focused 
on the nanocrystalline and long-range structures detected from selected area electron 
diffraction (SAED), X-ray diffraction (XRD), neutron diffraction, and nuclear magnetic 
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resonance (NMR) techniques (Fina et al., 2015; Bettina V. Lotsch et al., 2007; Seyfarth, 
Seyfarth, & Lotsch, 2010; Tyborski, Merschjann, Orthmann, & Yang, 2013). For example, 
Lotsch and coworkers collected SAED patterns from nanocrystalline regions of a g-CNxHy 
with a stoichiometry of C3N4.4H1.8 (close to that of melon), to locate the C and N atoms 
positions within (hk0) plane (Bettina V. Lotsch et al., 2007). Using solid-state NMR 
spectroscopy and accompanying DFT calculations, the molecular building blocks (i.e., 
heptazine and amines) and energetic stability of the proposed 2D structure model for melon 
were verified, respectively. The stacking sequence of the same sample was further 
investigated by Seyfarth who used force field calculations and NMR to determine two 
preferred lateral shifts indicating offset layer stacking sequences were more likely than 
eclipsed arrangements (Seyfarth et al., 2010). Tyborski and colleagues argued the g-
CNxHys they studied with XRD possessed eclipsed stacking, a non-orthogonal basal plane 
geometry (i.e., γ = 87-88º instead of 90º) and with two additional modifications: (i) layer 
buckling and/or (ii) flat layers (Tyborski et al., 2013). Later, Fina investigated a g-CNxHy 
powder synthesized from melamine using XRD and neutron diffraction to interrogate the 
bulk stacking sequence (Fina et al., 2015). It was found that an ABA stacking sequence, 
wherein the heptazine units were offset between adjacent layers by shifting along the chain 
direction, explained the bulk scattering data. In general, the existence of eclipsed stacking 
is strongly discouraged due to the repulsive forces experienced between the out-of-plane 
π-orbitals extending from heptazine moieties (Bettina Valeska Lotsch, 2006; Seyfarth et 
al., 2010). However, these energetics calculations assume a defect-free melon structure 
with infinitely long chains. In actual g-CNxHy powders, the severe broadening of basal 
plane reflections observed in XRD point to a high degree of planar defects, small domain 
 55 
 
sizes (i.e., the possibility of shorter chains), or turbostratic stacking (Bettina V. Lotsch et 
al., 2007). High resolution imaging of the planar structures in g-CNxHys should shed light 
on these different possibilities, which will be covered in Chapter 4.  
Triazine (C3N3) based forms of polymeric carbon nitrides, including poly(triazine) 
imide (PTI) and fully-condensed g-C3N4, have also been structurally investigated and used 
for photocatalytic applications (Algara-Siller et al., 2014; Bojdys et al., 2008; Ham et al., 
2013; Jorge et al., 2013; McDermott et al., 2013; Mesch et al., 2016; Thomas S. Miller et 
al., 2017; Schwinghammer et al., 2014, 2013; Wirnhier et al., 2011). The in-plane structure 
of PTIs are based on N-H linked C3N3 rings and are stabilized by intercalation of Li
+ and 
Cl- or Li+ and Br- ions (Thomas S. Miller et al., 2017; Wirnhier et al., 2011). As such, the 
stacking distances are correspondingly larger than the melon-like compounds around 3.4-
3.5 Å. Fully condensed (i.e., not containing any hydrogen) g-C3N4 has only been realized 
for triazine-based structures. The crystal structure is hexagonal of space group P-6m2 with 
cell parameters of a = b = 5.04 Å and c = 6.58 Å (~3.3 Å stacking distance) (Algara-Siller 
et al., 2014). A DFT-based study by Botari et al. found that under the typical reaction 
environments used to produce melon-like g-CNxHy, fully condensed g-C3N4 based on 
heptazine units is not thermodynamically stable and therefore cannot form (Botari et al., 
2017).  
1.3.2.2 Synthesis 
 Thermal polycondensation (also referred to as thermolytic condensation, 
thermolysis, or simply condensation) is used to produce g-CNxHys with melon-like 
structures (Kessler et al., 2017; T. S. Miller et al., 2017). During this process, small C/N-
containing precursor molecules are heated to undergo polymerization reactions, releasing 
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NH3 molecules in the process. Common starting molecules include melamine (C3N6H6), 
dicyandiamide (C2N4H4), cyanamide (CN2H2), urea (CN2H4O), and thiourea (CN2H4S) 
(Cao et al., 2015). Reaction temperatures are held around 450-650ºC; above ~680ºC 
decomposition occurs yielding N-doped carbons (Botari et al., 2017; T. S. Miller et al., 
2017). Oligomers (short chains) tend to form for lower temperatures whereas longer chains 
form for higher condensation temperatures (Botari et al., 2017). For example, the formation 
of melon from melamine occurs through the following steps at 450ºC: 
 2C3N3(NH2)3  ↔  C6N7(NH2)3 + 2NH3 [1.6]  
 C6N7(NH2)3  ↔  C6N7(NH)(NH2) + 2NH3 [1.7]  
where equation 1.6 refers to the transformation of melamine to melem and equation 1.7 
refers to the oligomerization of melem into melon (Botari et al., 2017; Jürgens et al., 2003). 
This shows that for each heptazine unit in the chain structure, four NH3 molecules are 
released. Synthesis is therefore often carried out in an open environment such as a muffle 
furnace to allow gaseous species to escape.  
PTIs have been formed within sealed ampoules from dicyandiamide in eutectic salt 
melts such as LiCl and KCl at 600ºC (Wirnhier et al., 2011). The fully condensed triazine-
based g-C3N4 is actually a side product of the salt melt method used to produce PTIs 
(Algara-Siller et al., 2014). This material accounts for a small fraction of the total yield and 
is formed at the interface of the salt melt and the glass reaction vessel. Figure 1.15 
schematically represents the polymerization process of melon-like g-CNxHys, PTIs, and 
fully condensed g-C3N4 based on triazine units (Kessler et al., 2017). 
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Figure 1.15 Schematic illustration of thermal polycondensation pathways used to 
synthesize different layered carbon nitride structures (Kessler et al., 2017). Adapted with 
permission from Springer Nature; for copyright agreement see Appendix F.  
1.3.2.3 Structure-Property Relationships 
In general, the degree of long-range order in g-CNxHys increases for increased 
reaction times/temperatures. This is most likely because the reaction process involves 
polymerization which should allow the chains to grow in length (from few-unit oligomers 
to polymeric chains) as the thermolytic condensation proceeds. A typical example of this 
can be found in a report by Dong et al. who synthesized g-CNxHys from urea at 550°C for 
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different hold times (Dong, Wang, Sun, Ho, & Zhang, 2013). As shown in Figure 1.16, the 
resulting six compounds exhibited a clear increasing trend in the degree of long-range order 
evidenced by the narrowing Bragg peaks in XRD patterns for hold times of zero to four 
hours. The (hk0) reflections occurring at low angles (from about 12° up to 27°) are difficult 
to distinguish for short hold times whereas they become more well-defined for longer times 
implying a more periodic in-plane arrangement. Additionally, the layer separation 
distances decrease for longer hold times which can be seen by the high-angle shift of the 
(002) Bragg peak.  
Because the degree of condensation in  g-CNxHys can modulate both the extent of 
polymerization and layer stacking distance, several photocatalytically-relevant properties 
can also be affected. Charge transport in these materials occurs through an interplanar 
hopping mechanism wherein free charge carriers hop between heptazine units on adjacent 
layers (Christoph Merschjann et al., 2015). The mobility increases for g-CNxHys with 
smaller d(002) values (resulting from increased polymer condensation) since the molecular 
orbitals associated with the free electrons (i.e., out-of-plane π-orbitals) have increased 
overlap. The hopping transport along the chains does not occur because there is a low 
degree of conjugation along polymer strands. Interestingly, as commented on by 
Merschjann et al. “a definite answer concerning the correlation between mobility and 
activity cannot be given to date”. This issue, along with other photocatalyst design-related 
considerations, in Pt-functionalized g-CNxHy photocatalysts will be addressed in Chapter 
5.  
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Figure 1.16 Long-range structural changes occurring in g-CNxHys synthesized from urea 
at 550°C through thermal condensation – each sample represents a different hold time. The 
left shows the increase in long-range order evidenced by the narrowed Bragg peaks 
whereas the right shows the high-angle shift in the (002) peak indicating a reduced layer 
stacking distance, d(002) (Dong et al., 2013). Adapted with permission from Elsevier; for 
copyright agreement see Appendix F. 
In conjugated polymer systems, including melon-like g-CNxHys, bandgap energies 
tend to decrease as the chain length increases (Guiglion et al., 2016). The bandgap energy 
narrowing is facilitated by a shift in the CB/VB flat band potentials towards the water 
reduction/oxidation potentials. This means that more polymerized g-CNxHys may absorb 
more solar photons albeit with a reduced driving force for surface redox reactions. This can 
be seen in practice for g-CNxHys synthesized at temperatures between 400-640ºC wherein 
the resultant products possessed bandgaps of 2.6-2.9 eV (Tyborski et al., 2012). Wang et 
al. studied the optical properties of g-CNxHys synthesized by thermal condensation of 
melamine at 500-650°C for four hours (H. Wang et al., 2018a). It was found that as the 
synthesis temperature increased, the degree of long-range order in the materials markedly 
increased in addition to a red shift in the bandgap energies from 2.83 to 2.21 eV. Using 
Mott-Schottky analysis, a strong upward shift (i.e., toward the water oxidation potential) 
of the VB maximum level was found to predominately explain the reduced bandgap 
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energies. Additional visible light absorption, attributed to n→π* transitions occurring 
around 500 nm, typically become stronger in g-CNxHys with higher degrees of polymer 
condensation (Godin, Wang, Zwijnenburg, Tang, & Durrant, 2017; Jorge et al., 2013). The 
bandgap narrowing and increase in n→π* transitions with synthesis temperature is 
represented in Figure 1.17. 
 
Figure 1.17 Optical diffuse reflectance spectra (proportional to absorbance) of several g-
CNxHys synthesized from mixtures of dicyandiamide and melamine at different 
temperatures. As synthesis temperature increases, polymer condensation increases and 
results in a red-shifted bandgap onset and increased absorption from n→π* transitions (i.e., 
a peak at 500 nm). Reproduced with permission from (Jorge et al., 2013). © 2013 American 
Chemical Society. For copyright agreement see Appendix F. 
Bulk hydrogen content in g-CNxHys tends to decrease with higher degrees of 
condensation. For example, the H:C ratio in g-CNxHys synthesized from melamine went 
from about 1.2 down to 0.5 for synthesis temperatures of 350-650°C (T. S. Miller et al., 
2017). This makes sense as NH3 is continually released during thermolysis reactions, 
reducing the bulk hydrogen content and resulting in a higher degree of polymerization. In 
g-CNxHys, there will be some fraction of H atoms participating in bridging N-H and 
terminating N-H2 species, respectively. It has recently been revealed that the surface N-H2 
species are potentially important for photocatalytic H2 evolution (V. W. hei Lau et al., 
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2017). DFT computations provided evidence that Pt nanoparticles tend to adsorb to N-H2 
moieties, resulting in hybridization of the electronic states within the support and the 
cocatalyst. These hybridized orbitals extend to a few heptazine units away from the N-H2 
adsorption site and are lower in energy than the CB minimum of g-CNxHy, suggesting a 
metal-support-like interaction that facilitates charge transfer. As such, a characterization 
technique capable of probing surface amine defects should be valuable in elucidating 
differences in functionality between g-CNxHy photocatalysts, which will be covered in 
Chapter 3. Another potential consequence of N-H2 surface defects’ interaction with Pt is 
the cocatalyst dispersion, which will be discussed in Chapter 5.   
 TiO2-Supported CeO2-x Photocatalysts 
1.3.3.1 Structure and Optoelectronic Properties of Component Oxides 
Unit cells for TiO2 anatase and CeO2 fluorite are compared in Figure 1.18. TiO2 
anatase takes on a tetragonal crystal structure of space group I41/amd whereas CeO2 is 
much simpler cubic structure of symmetry group Fm-3m. The corresponding lattice 
parameters are also quite different (Figure 1.18) implying strain may be induced at epitaxial 
TiO2/CeO2 interfaces. Coordination numbers for the metal cations to oxygen anions in the 
anatase and fluorite structures are 6 and 8, respectively. Ionic radii for Ti4+ and Ce4+ are 
0.68 and 0.92 Å, respectively. Considering the differences in coordination polyhedron and 
ionic radii, substitutional doping of Ce into TiO2 anatase would be very unlikely (Magesh, 
Viswanathan, Viswanath, & Varadarajan, 2009). Rather, non-stoichiometric mixed metal 
oxide (MMO) phases form at interfaces between the TiO2 and CeO2 characterized by an 
enrichment of reduced Ce3+ species at the interface (Johnston-Peck et al., 2013).  
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Figure 1.18 Unit cell and lattice parameters of (a) TiO2 anatase and (b) CeO2 fluorite. 
Colored spheres represent the following elements: blue = Ti, red = O, yellow = Ce. 
Both TiO2 anatase and CeO2 fluorite absorb ultraviolet light due to their large 
bandgap energies equal to 3.2 eV for both materials (Fujishima et al., 2008; Pfau & 
Schierbaum, 1994). Furthermore, both oxides possess the proper energy band alignment 
for driving water redox reactions under light illumination (Boring, Wood, National, & 
Alamos, 1983; Zu & Schoonen, 2000). Although Ce2O3 is a non-stable oxide under 
ambient conditions (it will quickly become oxidized to CeO2), the flat band potentials of 
this material can be used to imagine the energy levels that would form at MMO interfaces 
containing reduced Ce species (Graciani, Plata, Sanz, Liu, & Rodriguiez, 2010; Kundu et 
al., 2012; Magesh et al., 2009). Figure 1.19 compares the flat band potentials for bulk TiO2, 
CeO2, and Ce2O3 on the electrochemical potential scale relative to the normal hydrogen 
electrode. Compared to TiO2, CeO2’s VB maximum and CB minimum are shifted toward 
more negative potentials. In this view, the construction of TiO2/CeO2 interfaces may lead 
to solid-state heterojunctions that can be used to limit charge recombination. In fact, many 
reports on TiO2-suppored CeO2-x photocatalyst claim this is the mechanism (F. Chen et al., 
2017; C. Han, Yan, Zhao, & Liu, 2017; Magesh et al., 2009). On the other hand, filled and 
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unfilled Ce-4f levels, associated with Ce3+ species, correspond to the VB maximum and 
CB minimum levels for Ce2O3, respectively. This leads to an alternative hypothesis of the 
role of the MMO interfaces based on the fact that TiO2 and CeO2 can form solid solutions 
of Ce1-xTixO2 for x < 0.2 (Johnston-Peck et al., 2013). In other words, the filled Ce
3+-4f 
level (or the VB minimum of Ce2O3) acts as a donor level within TiO2’s bandgap in the 
interfacial region, allowing electronic transitions to occur with visible light photons 
(Fonseca de Lima et al., 2015; Kundu et al., 2012; Luo et al., 2015). In the next section, 
evidence for these two mechanisms and avenues for further study will be identified. 
 
Figure 1.19 Flat band potentials of bulk TiO2, CeO2, and Ce2O3 (Boring et al., 1983; 
Graciani et al., 2010; Zu & Schoonen, 2000). 
1.3.3.2 Proposed Mechanisms for Photocatalytic Activity Under Visible Light 
One of the earliest reports of TiO2-CeO2 composites studied a series of sol-gel 
derived powders with Ce loadings from 0.50-9.00 wt% exhibiting activity for dye 
degradation under visible light (Magesh et al., 2009). The bulk structure of the powders 
were interrogated with XRD. Both anatase and rutile TiO2 were found in the powders in 
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addition to CeO2 while no mixed oxide phases, Ce2O3, or evidence of doping (i.e., small 
shifts in Bragg peak positions) were detected. As a result, the authors ruled out the 
contribution of MMO interfaces and concluded that the CeO2/TiO2 interface acted as a 
solid-state heterojunction. Visible-light photons could be absorbed in the CeO2 (they 
reported having a bandgap of 2.76 eV, which is typical for highly defective CeO2) and 
transfer to the CB of TiO2.  
Years later, more sophisticated techniques involving surface-sensitive near-edge X-
ray absorption spectroscopy (NEXAFS), scanning transmission electron microscopy 
(STEM), and electron energy-loss spectroscopy (EELS) were applied to Ce-loaded TiO2 
anatase powders (Kundu et al., 2012). STEM-EELS was used to track the Ti and Ce signals 
in addition to the Ce3+/Ce4+ ratio with high spatial resolution across a well-defined 
CeO2/TiO2 interface, which is reproduced in Figure 1.20a. Importantly, both the Ce valence 
state is reduced and the Ti and Ce signals signify cation mixing which suggests a mixed 
oxide phase rather than an abrupt TiO2-CeO2 interface. The distribution of Ce
3+ was further 
probed with NEXAFS, which is a surface-sensitive bulk technique that can recover signals 
from escape depths of 2 and 10 nm, depending on the mode used. Their analysis showed 
that the supported CeO2 particles were partially reduced with an enrichment of Ce
3+ at 
signal escape depths consistent with the interfacial region. Bulk optical spectroscopy 
showed a red shift in the bandgap onset out to 550 nm and the samples were active for O2 
evolution when loaded with 0.5 wt% Pt via impregnation and exposed to sacrificial reagent 
under visible light. Finally, the authors showed a correlation between the wt% of Ce3+ in 
the powder and the OER suggesting the importance of reduced Ce species in facilitating 
the photocatalytic reaction under visible light. Thus, the MMO mechanism was proposed 
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and is shown in Figure 1.20b wherein the partially-filled Ce3+-4f state functions as a 
donor/acceptor level within the TiO2 bandgap at the interface. Electronic transitions of 
energy ≥ 1 eV and ≥ 1.9 eV can occur, allowing this photocatalyst to harvest a much larger 
fraction of solar photons.  
 
Figure 1.20 (a) Ti/Ce signals and Ce formal valence state across a CeO2-TiO2 interface 
obtained by STEM-EELS. (b) Proposed MMO mechanism that explains photocatalytic 
activity of TiO2-supported CeO2-x photocatalysts under visible light.  Adapted with 
permission from (Kundu et al., 2012). © 2012 American Chemical Society. For copyright 
agreement see Appendix F. 
The same group further investigated this system at lower loadings of 1, 3, and 6 
wt.% to find a range in supported CeO2-x morphologies in each sample (Luo et al., 2015). 
(A more in-depth description of the different CeO2-x morphologies will be given in the next 
section.) Bulk optical absorption of the powders showed a clear red shift upon Ce loading 
that grew in intensity for higher loadings. Interestingly, the lower Ce loading of 1 wt% 
produced the highest product formation rates from sacrificial reagent under visible light 
(the powders were also loaded with 0.5 wt% Pt via impregnation). Considering the MMO 
mechanism, the authors showed a correlation between the Ce3+/Ce4+ ratio and the 
photocatalytic H2/O2 evolution rates. Furthermore, the reader can convert the Ce
3+/Ce4+ 
ratios to an absolute Ce3+ loading in wt% by multiplying the ratios of each sample by the 
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loading (either 1, 3, or 6 wt%) so that these newer results can be compared by the original 
study in 2012. This reveals that, in contradiction to the earlier work, that the photocatalytic 
product formation rates decrease as the absolute loading of Ce3+ is increased within the 
composites. Since different CeO2-x morphologies dominated each sample, the powder with 
the lowest Ce loading may have possessed a higher number of active MMO interfaces. 
Therefore, it is possible that the MMO interfacial electronic structures are nonuniform and 
some may not even produce chemically useful charge carriers. As will be covered in 
Chapter 6, monochromated STEM-EELS can be used to locally probe the optical properties 
about different TiO2/CeO2-x interfaces to reveal bandgap states arising from mixed oxide 
phases and potential morphologically dependent heterogeneities. This could provide 
definitive evidence for the proposed MMO mechanism and direct synthesis toward more 
active TiO2/CeO2-x powders. 
1.3.3.3 Supported CeO2-x Morphologies 
As mentioned previously, TiO2-CeO2-x composite nanoparticles exhibit a range in 
morphologies that can be modulated by changing the loading (Luo et al., 2015). In turn, 
these may impact the MMO interfacial electronic structure and resulting photocatalytic 
efficiency. Johnston-Peck and colleagues have classified these morphologies as clusters, 
constrained structures (chains), and nanoparticles which are shown in Figure 1.21 
(Johnston-Peck et al., 2013). The clusters are typically located at junctions between TiO2 
particles as seen in Figure 1.21a. Chains (Figure 1.21b) are defined as constrained but 
periodic structures that are <1 nm in one or both dimensions and are only a few atomic 
layers thick. Growth of the chains is restricted in the lateral directions due strain arising 
from lattice mismatch between the component oxides. Continued growth of the chains 
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leads to nanoparticle formation characterized by protrusion in the out-of-plane direction as 
seen in Figure 1.21c. Accompanying DFT calculations of abrupt CeO2-TiO2 interfaces and 
those with cation intermixing showed that oxygen vacancy creation is more favorable in 
the latter case. The oxygen vacancy formation energy also decreased for thinner CeO2 
layers. Thus, it is hypothesized that the cluster formations contain a higher concentration 
of Ce3+ species and may produce the strongest visible-light absorption.  
 
Figure 1.21 Morphologies of supported CeO2-x on TiO2 anatase: (a) clusters, (b) chains, 
and (c) nanoparticles. Reproduced with permission from (Johnston-Peck et al., 2013). © 
2013 American Chemical Society. For copyright agreement see Appendix F. 
1.4 Objectives and Outline 
The previous sections highlight the complex, interdependent steps involved in 
photocatalytic water splitting over particulate semiconductors. While there have been 
diverse approaches to developing robust, visible light-harvesting photocatalyst materials, 
accelerated progress will result from a fundamental understanding of the limiting processes 
acting in each materials system. Both bulk and nanoscale materials characterization 
techniques should be applied to understand the material at multiple length scales and 
identify relevant heterogeneities between differently prepared powders. In addition, the use 
of multiple performance metrics can be used to understand the efficiency at the active site 
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to the ensemble level. Together, these modalities can be used to elucidate structure-
function relationships leading to rational design strategies. 
Both g-CNxHys and TiO2/CeO2-x composites offer flexible platforms for designing 
highly efficient visible light active photocatalysts for water splitting. However, precise 
control over the design/synthesis of these materials for photocatalytic applications is 
hindered by an incomplete understanding of the critical, atomic-level factors influencing 
their performance. This is unsurprising as access to aberration-corrected (S)TEM and 
EELS would be required for characterizing these materials’ structural and electronic 
properties at atomic to nanometer length scales. In g-CNxHys, the in-plane structure and 
surface amine content have yet to be characterized by high spatial-resolution techniques. 
Being able to accurately represent the atomic structures of differently condensed g-CNxHys 
will allow photocatalytically-relevant properties to be predicted via computational 
techniques. Furthermore, cocatalyst-support interactions have rarely been considered in 
this system even though most all g-CNxHys are functionalized with Pt (or other) metal 
particles for H2 evolution reactions. On the other hand, local probing of the optical 
properties about different MMO interfaces would provide insights into the unique 
supported CeO2-x morphologies that produce strong, and potentially tunable, visible light 
absorption.  
Ultimately, the goal of this work is to apply a multiple-length-scales approach to 
optimize the design of these photocatalysts to their most active forms. Motivating research 
questions include: 
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1) Do g-CNxHys exhibit surface amine heterogeneity? Can this be detected with 
monochromated EELS and if so, what conditions minimize radiation damage and 
maximize spatial resolution? 
2) What do local in-plane structures look like for differently condensed g-CNxHys? 
How can we describe the planar structures between differently condensed g-
CNxHys in a meaningful way? 
3) In Pt-functionalized g-CNxHy photocatalysts, which property of the g-CNxHy 
support most strongly regulates charge transfer to reactants? Does cocatalyst 
dispersion vary for differently condensed g-CNxHy supports? What 
synthesis/design parameters maximize performance of Pt/g-CNxHys? 
4) Can we directly detect bandgap states near TiO2/CeO2-x interfaces? If so, are the 
surface states heterogeneous to the local CeO2-x morphology? What synthesis 
conditions maximize bulk optical absorption? 
To this end, monochromated EELS is applied to a commercial g-CNxHy (Nicanite) 
and PTI/LiCl particles to investigate surface amine heterogeneities at nanometer length-
scales. Bulk vibrational spectroscopies including Fourier-transform infrared (FT-IR) 
absorption and Raman scattering spectroscopies are correlated with the EELS data to 
interpret spectral features. The electron-optical configuration that minimizes beam damage 
and maximizes spatial resolution as well as significance of the results are discussed in 
Chapter 3. To answer the second set of questions, the in-plane structures of three differently 
condensed g-CNxHys (including Nicanite and two synthesized from urea) are directly 
imaged using low electron fluence rates in an aberration-corrected TEM. A method that 
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extracts local Patterson functions is used to visualize in-plane structural correlation lengths 
and is presented in Chapter 4. The third set of questions is addressed by applying multiple 
materials characterization techniques to Pt-functionalized g-CNxHy photocatalysts (the 
same set studied in Chapter 4). These include STEM imaging, XRD, FT-IR absorption 
spectroscopy, UV-Vis diffuse reflectance spectroscopy, C/N/H combustion analysis, and 
measurement of H2 production rates from sacrificial reagent under visible light. This allows 
the TOF, approximating the H2 production rate per active, to be estimated and correlated 
with different support-related properties and sheds light onto which factors control charge 
transport to reactants. Importantly, competing design-related factors are elucidated and 
opportunities for optimizing the synthesis are discussed in Chapter 5. Finally, the last set 
of questions is addressed in Chapter 6 wherein the TiO2 support size of TiO2-CeO2-x 
composites is varied and the powders are investigated with bulk and nanoscale 
characterization techniques. Preliminary results revealing bandgap-states associated with 
MMO interfaces and synthesis conditions that maximize visible light sensitization are 
detailed. 
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 Methods 
As demonstrated in Chapter 1, particulate photocatalysts’ surface structures, optical 
properties, and defects influence their ability to perform surface electrochemical reactions 
under sunlight. Consequently, correlating bulk and nanoscale properties with 
photocatalytic performance is essential to obtaining a complete understanding of 
functionality. In this chapter, the experimental methods used to synthesize and characterize 
the carbon nitride and TiO2-supported CeO2-x photocatalysts are presented. A continuously 
flowed photoreactor system coupled to a gas chromatograph was used to measure the HERs 
of the photocatalysts. Several bulk characterization techniques are utilized including X-ray 
diffraction, photon absorption/scattering spectroscopies, combustion elemental analysis, 
and mass spectrometry. Of central focus to this work is the application of advanced electron 
microscopy and spectroscopy to obtain local structural, chemical, and optical properties 
from the photocatalysts. As such, an introduction to transmission electron microscopy 
(TEM), scanning TEM (STEM), aberration correction, electron energy-loss spectroscopy 
(EELS), and monochromated EELS is given. 
2.1 Materials Preparation 
 Ionothermal Synthesis  
Synthesis of PTI/LiCl was carried out according a method described by Wirnhier 
et al. and modified slightly (Wirnhier et al., 2011). In an inert atmosphere glovebox, a 
45:55 wt.% mixture of LiCl:KCl (0.45 g LiCl + 0.55 g KCl, Aldrich Chemistry, >99.99%) 
was combined thoroughly with 100 mg of dicyandiamide (Aldrich Chemistry, 99%) using 
a mortar and pestle. The 10:1 mixture of salt/precursor was immediately transferred to a 
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thick-walled glass ampoule and left unsealed for the first heat treatment. In a vertical 
furnace, the mixture was initially heated to 400°C and held for 12 hours under atmospheric 
argon. After cooling to room temperature, the evolved ammonia gas was removed using a 
vacuum pump. To safely desorb all moisture and residual gases, the sample was heated to 
600°C and immediately cooled back to room temperature. The ampoule was then removed 
from the furnace, sealed, and returned to the same furnace for the final heat treatment at 
600°C for 48 hours. After cooling to room temperature again, the ampoule was safely 
broken so that contents could be removed. Using a magnetic stirrer and hotplate, the broken 
ampoule was immersed in boiling, circulating deionized (DI) water to dissolve residual 
salts and left to continue stirring at room temperature overnight. Isolation of the resultant 
powder involved centrifuging and washing with room temperature DI water five times. The 
recovered powder was then dried at 155°C yielding ~33 mg of light brown powder. 
 Thermolytic Condensation 
In addition to the highly ordered commercial Nicanite powder (which was used as-
received), two urea-derived g-CNxHy powders were produced through thermolytic 
condensation for different times to give varied degrees of polymerization. Firstly, 10 g of 
urea (Alfa Aesar) was placed into an alumina crucible and crushed to break up any 
aggregates. The crucible was placed in a muffle furnace and covered. For synthesis of U240-
gCN, the urea was first heated to 550°C at a ramp rate of 2.5°C/min and held for 240 
minutes. U30-gCN was synthesized by heating urea to 550°C at a rate of 5°C/min and 
holding at the target temperature for 30 minutes. The yield for the urea-derived g-CNxHys 
ranged from ~3-4%. 
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 Hydrothermal Synthesis 
A two-step hydrothermal synthesis approach, adapted from Nian and Teng, was 
used to produce size-controlled anatase TiO2 particles to function as supports for the 
TiO2/CeO2-x composites described in Chapter 6 (Nian & Teng, 2006). Firstly, 0.5 g of 
Evonik Aeroxide P25 powder (a mixture of 80% anatase and 20% rutile) was mixed with 
60 mL of 10-M aqueous NaOH solution in a glass beaker. The mixture was stirred at room 
temperature while the container was submerged in water bath (the addition of NaOH to 
water is exothermic) for about one hour to allow the NaOH crystals to dissolve before 
transferring to a Teflon container. The Teflon container and its contents were then secured 
in an autoclave and placed into an oven at 130°C. After 20 hours, the oven was allowed to 
cool to room temperature. In the meantime, a 0.1-M aqueous HNO3 solution was prepared 
by mixing 99 mL of deionized water with 637 µL of nitric acid stock solution (VWR 
Analytical, 68-70%). Next, the contents of the Teflon container were split between two 50-
mL centrifuge tubes for washing. A centrifuge was used to wash the two batches multiple 
times by replacing the supernatant (at a pH ~ 14) with DI water and 0.1-M HNO3 until the 
pH was adjusted to a target range. For synthesis of small nanoparticles (TiO2(S)), the solids 
were washed until the pH of the supernatant reached ~1-2; for TiO2(L), the pH was adjusted 
to ~8-9. Subsequently, the pH-adjusted suspensions were transferred back into a cleaned 
Teflon container (separately), secured in the autoclave, and allowed to bake at 180°C for 
48 hours. To isolate the resulting powder, a vacuum filter was used to remove the liquid 
and the extracted powder was dried in a vacuum oven overnight at 110°C to remove 
moisture.  
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 Ce Impregnation onto TiO2 Nanoparticles 
Ce loading onto small and large TiO2 anatase nanoparticles was carried out in a 
similar manner as described by Luo et al. (Luo et al., 2015). Firstly, the TiO2 powder was 
pretreated by calcining in air at 350°C  for 5 hours using a 2°C/min ramp rate to reach the 
target temperature. Next, an appropriate amount of cerium nitrate hexahydrate Ce(NO3)3 
(Aldrich Chemistry, 99.999%) was added to 3 mL of deionized water in a 30-mL glass 
beaker to achieve a nominal Ce loading of 6 wt% (a typical batch would correspond to 0.1 
g of TiO2 anatase powder). After the Ce-containing salt was fully dissolved, the TiO2 
powder was introduced to the solution and the beaker was transferred to a hotplate and 
maintained at ~70°C while being mixed with a magnetic stir bar. After about one hour, the 
liquid should be mostly evaporated leaving behind a slurry of Ce-impregnated TiO2 
particles (when added to TiO2(S) particles, the powder should have a pale yellow color). 
The beaker and its contents were then dried overnight in a vacuum oven at 110°C (the 
yellow color should get a bit darker after this step in the case of TiO2(S)). The dried powder 
was transferred to an alumina crucible and calcined in air to decompose the nitrate 
precursors at 350°C (2°C/min ramp rate) for 8 hours. A second calcination was performed 
immediately after at 600°C (2°C/min ramp rate) for 4 hours. The resulting products are 
referred to as Ce-TiO2(S) and Ce-TiO2(L).  
 Pt Functionalization 
There are several methods to load Pt metal onto nanoparticle supports including 
impregnation, photodeposition, and chemical reduction (Zupeng Chen et al., 2017; Pinna, 
1998; Wenderich & Mul, 2016). Impregnation and photodeposition routes, which are most 
widely used to functionalize photocatalysts supports with metal cocatalysts, are discussed 
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in Section 1.2.2. A chemical reduction route utilizing NaBH4 as a reducing agent has been 
developed specially for loading single metal atoms onto g-CNxHys (Zupeng Chen et al., 
2017). Typical Pt metal dispersions resulting from impregnation, photodeposition, and 
chemical reduction onto g-CNxHy are compared in Figure 1.11. As can be seen from Figure 
1.11a, impregnation results in agglomerated, irregularly shaped particles. Furthermore, 
significant mass loss of the as-impregnated Pt/g-CNxHy powder occurred after calcination 
(350°C, 1 hour) and reduction (500°C, 1 hour, in flowing 5% H2/N2 gas) treatments which 
was attributed to decomposition of g-CNxHy. Comparatively, photodeposition (Figure 
1.11b) results in a more uniformly shaped particles that are easier to quantify with image 
processing techniques (as discussed in Chapter 5) and does not damage the g-CNxHy 
support. Chemical reduction produces single atoms and small Pt nanoparticles (Figure 
1.11c) and was verified to not cause significant mass loss upon completion. Thus, 
photodeposition and chemical reduction routes were selected for Pt functionalization onto 
g-CNxHys. In the relevant literature, Pt has been loaded onto TiO2/CeO2-x nanoparticles via 
wet impregnation (Kundu et al., 2012; Luo et al., 2015). However, since impregnation is 
non-selective deposition route many of the Pt particles may reside on the TiO2 support and 
not function as active sites during H2 evolution under visible light (Maeda & Domen, 
2011). Therefore, photodeposition under visible light was selected to hypothetically place 
Pt near the MMO interfaces (see Figure A45). A detailed description of the Pt loading 
procedures onto the g-CNxHy and TiO2/CeO2-x supports are given in the following sections. 
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Figure 2.1 Comparison between typical Pt dispersions on Nicanite (a commercial g-CNxHy 
material) resulting from (a) incipient wetness impregnation, (b) photodeposition (under 
visible light, λ > 400 nm, and with triethanalomine sacrificial reagent), and (c) chemical 
reduction utilizing NaBH4. 
2.1.5.1 Onto g-CNxHy Supports 
Two loading methods were used to stabilize Pt onto the g-CNxHy photocatalysts 
discussed in Chapter 5. In the case of photodeposition, an appropriate amount of aqueous 
PtCl4 stock solution was added to the photoreactor to achieve a nominal Pt loading of 5.0 
wt%. The PtCl4 stock solution was made by dissolving solid PtCl4 (Alfa Aesar, 99.99%) 
into DI water. Photodeposition took place under visible light (λ > 400 nm) after the reactor 
headspace was purged with Ar gas; for details of the incident light spectrum and 
photoreactor operation/contents see Section 2.2.1.  
Alternatively, highly-dispersed Pt (e.g., single atoms) were deposited only onto 
Nicanite following a post-synthesis method involving chemical reduction as described by 
Chen et al. and modified slightly (Zupeng Chen et al., 2017). In this case, 100 mg of 
Nicanite was added to 10 mL of DI water and ultrasonicated for 6 hours to exfoliate and 
increase its surface area (S. Yang et al., 2013). The mixture was then transferred to a stirring 
plate where an appropriate amount of aqueous PtCl4 stock solution (giving a nominal 
loading of 0.5 wt% Pt) was introduced under dark conditions to avoid photodeposition. The 
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mixture was then stirred for one hour in the dark. Afterwards, 140 µL of a freshly prepared 
0.5-M aqueous NaBH4 was added dropwise. The beaker was then covered to avoid water 
evaporation and the solution continued stirring in the dark overnight. The next day, the 
contents were transferred into a 50-mL centrifuge tube and washed with DI water five 
times. Vacuum filtration followed by drying at 50ºC in a vacuum oven overnight was used 
to isolate the resulting powder. 
2.1.5.2 Onto TiO2/CeO2-x Composite Nanoparticles 
Photodeposition was chosen as the loading method for stabilizing Pt cocatalyst onto 
as-synthesized TiO2/CeO2-x nanoparticles for measurement of H2 evolution rates under 
visible and UV+visible light as discussed in Chapter 6. The procedure is identical to that 
described for g-CNxHy supports (see above) except a nominal loading of 0.5 wt% was 
selected. A low loading was chosen to prevent shadowing of the MMO interfaces that may 
occur due to a buildup of Pt metal at high nominal loadings. For the measurement of H2 
evolution rates, additional photodeposition is believed to occur after the longpass filter is 
removed from the incident light source on the photoreactor because photogenerated 
electrons could be generated in the TiO2 support and reduce residual Pt
4+ ions in the reactor 
solution. A separate photodeposition experiment was carried out under identical conditions 
but only with visible light (λ > 400 nm) incident on the photoreactor for one hour to 
compare the amount of Pt photodeposited on Ce-TiO2(S) and Ce-TiO2(L). In this case, it 
is assumed that photodeposition would result from Pt4+ reacting with photogenerated 
electrons generated from MMO interfaces. 
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2.2 Measurement of H2 Evolution Rates 
All photoreactions were carried out with the assistance of sacrificial reagent to 
facilitate the H2 evolution half reactions under visible light. The evolved gas was detected 
using a gas chromatograph (GC) utilizing a porous layer open tubular (PLOT) capillary 
column and thermal conductivity detector (TCD). An existing photoreactor within the 
Crozier lab was utilized and modified slightly to accommodate a water trap, which is 
essential to protecting the TCD filament from oxidation, and an in-line flow meter for 
troubleshooting purposes. The photoreactor system, a general introduction on gas 
chromatography, TCD calibration, and calculation of H2 evolution rates from GC data will 
be presented in the following sections. 
 Photoreactor System 
A continuously flowed photoreactor system was used for the measurement of H2 
evolution rates resulting from water reduction half reactions under visible light. A 
schematic diagram of the system is given in Figure 2.2. Between each component (not 
pictured) are 1/16” stainless steel tubing purchased from Swagelok or Perkin  Elmer. All 
connectors between components are Swagelok nut/ferrule connects or Swagelok Ultra-
Torr fittings in the case of connections to glass components. Ultra high purity (99.999%) 
argon is used as the carrier gas (stage 1) and passes through an Alicat mass flow controller 
(MFC) (stage 2) which sets the flow rate of the gas entering the headspace of the 
photoreactor. A flow rate of 5 mL/min is used during operation of the photoreactor. The 
MFC is set to 25 mL/min to purge the photoreactor for approximately 1 hour prior to 
turning the light on and initiating H2 evolution reactions.  
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At the photoreactor (stage 3), H2 gas is generated via the photocatalyst particles 
reacting with sacrificial reagent and water under light illumination. The photoreactor is a 
custom-built glass beaker (outer diameter of base = 2.2”, height = 2.6”) with integrated 
inlet and outlet valves (outer diameter = 0.25”). A magnetic stir bar is used to prevent the 
powder from settling at the bottom of the beaker. A hermetic seal between the top opening 
of the beaker and a quartz window (diameter = 3”) is made by a flexible O-ring, a metal 
frame, and several hand screws as shown in Figure 2.3. The quartz window’s transmittance 
is approximately unity across the ultraviolet and visible light spectrum and is thus used to 
transmit light into the reactor.  
Because of the vapor pressure of water at room temperature is approximately 
0.0313 atm (i.e., about 3% of the gas mixture under ambient conditions), a small fraction 
of the gas stream exiting the photoreactor will contain water vapor (Lide, 2004). Thus, a 
water trap (stage 4) was developed and integrated into the photoreactor to remove water 
vapor from the gas stream entering the GC, which can damage the TCD filament. The water 
trap consists of a glass U-tube (outer diameter = 0.25”) filled with a mixture containing a 
9:1 ratio of SiO2:CaCl2 granules (CaCl2, >97% purity, was obtained from Sigma-Aldrich). 
This recipe ensures that water vapor is removed from the gas stream but can still pass 
through without getting blocked. At the outlet end of the U-tube, about 1” is filled with a 
1:1 ratio of SiO2:CaCl2. This ensures that the water trap will become clogged once it is 
saturated because high concentrations of CaCl2 tend to form blockages when contacted 
with water. Without this feature, the saturated water trap could continue to pass harmful 
water vapor into the GC without the operator’s knowledge.  
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Prior to each photoreaction, a 3-way valve will be set to direct the gas stream exiting 
the water trap to a manual flow meter (stage 5a). If the water trap is saturated, the flow 
meter will verify that a clog is present due to a zero flow rate. In this case, the glass U-tube 
can be easily removed via Ultra-Torr fittings and replaced with a freshly filled water trap. 
The opposite setting on the 3-way valve directs the water-free gas stream into the GC (stage 
5b) for measurement of HERs. 
 
Figure 2.2 Schematic diagram of continously flowed photoreactor system used for 
evaluating H2 evolution rates of photocatalysts. See main text above for description of 
stages 1-5. 
 
Figure 2.3 Pictures of assembled photoreactor beaker. 
The incident light enters through the top of the photoreactor and is generated by a 
450-W Xe arc lamp (Newport, 6279NS) which is directed through a dichroic beam turning 
mirror (Newport, 66228) and a 400-nm longpass filter (Newport, CGA400). Figure 2.4a 
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displays the output irradiance spectrum from the Xe arc lamp (obtained by digitizing the 
spectral output graph from product documentation) which shows a relatively uniform 
intensity over the ultraviolet-visible regime that is approximately 100 mW/m2. In Figure 
2.4b, the optical profiles of the beam turning mirror and longpass filter (in terms of 
reflectivity and transmittance, respectively) are displayed in addition to the resulting 
calculated incident spectrum on the photoreactor (shown in purple). The total irradiance 
incident on the photoreactor can be calculated by considering the lamp output spectrum, 
the illumination area (20.26 cm2), conversion factors pertaining to the lamp housing 
(provided by product specification sheets), and the optical profiles of the mirror and filter. 
Based on this, the calculated total irradiance on the reactor is 148 mW/cm2 over the full 
range of wavelengths. The calculated irradiance in the visible regime (400-750 nm) is 79 
mW/cm2 whereas for the wavelength range of 200-1100 nm (corresponding to the 
sensitivity range for Si photodetectors) is 113 mW/cm2. An experimental value of the total 
irradiance on the reactor was also obtained using an Si photodetector (Thorlabs DET10A) 
and measured as 126 mW/cm2. The discrepancy of 12% between the calculated value (113 
mW/cm2) and actual measurement (126 mW/cm2) may arise from some light leakage from 
the filters/mirrors or inaccuracies in the digitized lamp output spectrum. 
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Figure 2.4 (a) Xe arc lamp total output sepctrum in terms of irradiance. (b) Optical 
mirror/filter spectral profiles and calculated incident spectrum on photoreactor. 
 Gas Chromatography 
For details on the theory and instrumentation of gas chromatography the reader is 
referred to the cited references (Bramston-Cook & Neumann, 2007; Grob & Barry, 2004). 
A Varian GC-450 equipped with a PLOT column, a TCD detector, and Ar carrier gas was 
used for the quantification of evolved H2 gas during photoreactions. For specifications of 
the column see Table 2.1. This configuration allowed sampling of the reactors’ headspace 
every 2.5 minutes. A general diagram of a GC with a TCD is given in Figure 2.5a. During 
operation of the photoreactor and GC, gas will continuously flow through a sampling loop 
and not enter the detector. Upon measurement, a pneumatic actuator will divert a small 
amount of sample gas into the column (i.e., the sample loop is diverted). The mol sieve 
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layer within the column interacts with permanent gasses via adsorption and desorption 
resulting in different retention times for each gas species. These physically separated gas 
“packets” then flow through the TCD which is a non-destructive detector based on a 
Wheatstone bridge (Figure 2.5b). The sample gas will flow through one side of the 
Wheatstone bridge while the reference side only experiences Ar carrier gas flow. The TCD 
filaments are resistively heated to 340°C by the application of  a fixed current and 
surrounded by a thermal mass at 100°C (a greater temperature difference between the 
filaments and surrounding thermal mass increases sensitivity of the detector). Therefore, 
when only carrier gas is flowing on both sides (i.e., no sample present), the heat transfer 
from the filaments to the surrounding mass is equal on both sides and no output signal is 
detected. When sample gas, such as H2, flows through the sample side of the Wheatstone 
bridge, the heat transfer is unequal on either side and the temperature of the sample filament 
changes relative to the reference filament. This changes its resistivity (and resistance) and 
registers as an output voltage (usually in the range of mV). Because the relative thermal 
conductivity of Ar to H2 gas is 0.10 (a value of 1 indicates equal thermal conductivities), 
Ar is selected as a carrier gas to maximize sensitivity (Bramston-Cook & Neumann, 2007). 
Table 2.1 Specifications of column used for the detection of H2 gas via gas 
chromatography. 
Attribute Value/description 
Column type Capillary porous layer open tubular (PLOT) 
Outer diameter 0.45 mm 
Inner diameter 0.32 mm 
Length 10 m 
Lining type Mol sieve 5-Å 
Lining thickness 30 µm 
Ferrules Graphite (inner diameter = 0.5 mm, width = 3.2 mm) 
Carrier gas Ar, 99.999% purity 
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Figure 2.5 (a) Schematic diagram of gas chromatograph utilizing a column and thermal 
conductivity detector (TCD); adapted with permission from (Qureshi & Takanabe, 2017).  
© 2017 American Chemical Society. For copyright agreement see Appendix F. (b) Circuit 
representation of a Wheatstone bridge used in the TCD (Bramston-Cook & Neumann, 
2007). 
 
A typical gas chromatogram obtained from a Pt/Nicanite photocatalyst sample is 
shown in Figure 2.6. The peak at a retention time of 0.52 minutes corresponds to the mole 
fraction of evolved H2 gas. In general, the TCD signal intensity is linear with the mole 
fraction of sample gas present. Therefore, if the linear coefficient (hereafter referred to the 
response factor) relating the signal to the mole fraction of sample gas is known, the 
quantities of gas evolved during photoreactions can be determined and used to calculate 
HERs. To calculate the response factor, R, of the TCD to H2 in Ar carrier gas, several 
chromatograms (at least 5) are acquired at different known concentrations of dilute H2 by 
varying the flow rates of 5%H2/Ar and Ar input gasses via mass flow controllers. The input 
mixtures of dilute H2 were chosen so that the resulting TCD signal covers the same range 
as that encountered during photoreaction experiments. Using a Matlab program (courtesy 
Dr. Ben Miller), the TCD signal is calculated by summing the intensity under the H2 peak 
in each chromatogram. The signal vs. the known mole fraction of H2 is then plotted wherein 
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the slope is equal to 1/R. Figure 2.7 displays the TCD signal over a range of relevant mole 
fractions of H2. The linear-least-squares fit gives a slope of 3.55x10
9 μV (and a linear 
correlation coefficient of >0.99), meaning R = 2.82x10-10 μV-1. 
 
Figure 2.6 Typical gas chromatogram acquired from a photoreaction utilizing Pt/Nicanite 
under visible light (loading = 1.6 wt% via photodeposition, 40 mg of powder, 40 mL of 10 
vol% aqueous triethanolamine). 
 
Figure 2.7 TCD integrated signal for different concentrations of H2 in Ar carrier gas. The 
slope of the line is equal to the inverse of the TCD response factor, R, which is used to 
convert experimental photoreaction data into HERs. 
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To calculate HERs from a series of chromatograms obtained throughout a 
photoreaction, first a Matlab program is used to obtain the background-subtracted 
integrated peak area giving the signal, S, from each chromatogram. Using the TCD 
response factor, R, the mole fraction of H2, xH2, associated with each chromatogram is equal 
to: 
 
𝑥𝐻2 = 𝑆 × 𝑅 =  
𝑓𝐻2
𝑓𝐻2 + 𝑓𝐴𝑟
 [2.1]  
where fH2 and fAr are the flow rates of H2 and Ar carrier gas. Since the Ar carrier gas flow 
rate is known (e.g., 5 mL/min), equation 2.1 can be rearranged to give fH2: 
 
𝑓𝐻2 =
𝑓𝐴𝑟 × 𝑥𝐻2
1 − 𝑥𝐻2
  [2.2]  
This can be converted to a total quantity of H2 gas (QH2) in moles by knowing the 
chromatogram run time, Δt (which is 2 minutes), the density of H2 gas (ρH2), and molar 
weight of H2 gas (MWH2) as follows:   
 
𝑄𝐻2 =  𝑓𝐻2 × ∆𝑡 × 𝜌𝐻2 ×
1
𝑀𝑊𝐻2
 [2.3]  
From here, the mass normalized HER (in units of µmol H2/hour/gcatalyst) can be obtained 
by dividing the result from equation 2.3 by the run time (2 min) and the mass of 
photocatalyst present in the photoreaction. This can be repeated for every chromatograph 
obtained throughout the photoreaction to visualize the stability of the HER throughout the 
photoreaction. Alternatively, the cumulative amount of H2 produced can be plotted by 
successively adding the result of equation 2.3 for each chromatograph collected throughout 
the photoreaction. The slope of the linear portion of this graph is equal to the average HER. 
It should be noted that when plotting photoreaction data, the data points are separated by 
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2.5 minutes. This accounts for the 30-second lapse between the completion of a 2-minute 
run and the GC instrumentation beginning a new measurement. 
2.3 Bulk Characterization 
As discussed in Chapter 1, bulk characterization (in addition to nanoscale 
techniques) of light-harvesting supports is essential to developing structure-activity 
relationships. These techniques can be very useful for screening synthesized materials for 
phase purity and/or contamination. It is generally a good practice is to obtain bulk 
measurements on whatever property is going to be further investigated using electron 
microscopy/spectroscopy techniques. Furthermore, the bulk materials property data can be 
correlated and/or contrasted with nanoscale heterogeneities observed in the electron 
microscope to obtain a more detailed understanding of the particulate photocatalysts’ 
structure and properties. In this work several bulk characterization techniques including 
XRD, optical spectroscopies, ICP-MS, and combustion elemental analysis were used to 
characterize the photocatalyst powders. A brief introduction to each technique and the 
required sample preparations will be given below. 
 X-ray Diffraction (XRD) 
For a complete description on the theory, instrumentation, and characterization 
capabilities of XRD, the reader is referred to the cited literature (Fultz & Howe, 2008; 
Guinier, 1963). Powder XRD measurements were performed throughout this work on the 
as-synthesized materials, and in some cases the post-photoreaction powders (see data 
throughout Chapters 3-6), to confirm the crystalline phases present, interplanar spacings 
(in the case of g-CNxHys), and average particle sizes of the as-synthesized powders. A 
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Siemens D-5000 powder X-ray diffractometer utilizing a monochromatic Cu-Kα or Co-Kα 
incident X-ray was employed. A dime-sized quantity of powder is needed and no further 
preparation is required making this technique relatively straightforward. For details on the 
acquisition settings for individual XRD acquisitions refer to Chapters 3-6.  
Bragg’s law explains the signals detected in XRD experiments and can be written 
as 2𝑑𝑠𝑖𝑛𝜃 = 𝜆 where d represents a particular d-spacing within a crystal associated with 
(hkl) indices, θ is the X-ray angle of incidence, and λ is the incident X-ray wavelength 
(Fultz & Howe, 2008). Thus, when the X-ray source is swept across a range of incident 
angles (typically reported as 2θ values), several peaks will occur for the angles in which 
the Bragg condition is satisfied. Another important consideration stemming from Bragg’s 
law is that λ should be selected to maximize Bragg diffraction. As such, X-rays emitted 
from metal targets are ideal because their wavelengths are on the order of interatomic 
spacings (λ(Cu-Kα) = 1.5406 Å, λ(Co-Kα) = 1.7903 Å). Fast electrons in electron 
microscopes are also ideal for diffraction experiments as their wavelengths are sub-
angstrom, which will be discussed further in Section 2.4 (Williams & Carter, 2009).  
Because each crystal structure has a unique set of interatomic spacings, the XRD 
pattern serves as a phase fingerprint and is very useful for screening as-synthesized 
photocatalyst particles. To facilitate indexing the experimental data, CrystalMaker and 
Vesta programs were used to simulate powder XRD patterns for the relevant theoretical 
crystal structures. Additionally, sub-angstrom variations in the d-spacings of differently 
prepared materials can be distinguished with XRD. This may occur when a dopant is 
present throughout the bulk, causing a slight expansion or contraction in the lattice 
parameter. In the case of g-CNxHys, the stacking distances were measured from the d(002) 
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peak position which were used to obtain estimations of electronic mobility from literature 
data (see Chapter 5).  
Another feature of powder XRD patterns from nanoparticles is crystallite size 
broadening of the Bragg peaks (Fultz & Howe, 2008; Holzwarth & Gibson, 2011; Langford 
& Wilson, 1978). The Scherrer equation relates the mean crystallite size to the Bragg peak 
broadening as: 
 
𝐷ℎ𝑘𝑙 =  
𝐾𝜆
𝐵ℎ𝑘𝑙𝑐𝑜𝑠𝜃
 [2.4]  
where Dhkl is the average size of the crystal in the direction perpendicular to the (hkl) planes, 
K is the “shape factor” constant (usually set to 0.9), and Bhkl is the full width at half max 
(FWHM) of the (hkl) Bragg peak (minus any instrumental broadening) (Holzwarth & 
Gibson, 2011). On the Siemen’s D-5000 instrument used in this work, the instrumental 
broadening was measured using a single crystal quartz standard sample for both the Cu-
Kα and Co-Kα incident X-rays (for instrumental broadening data see Table A1 in Appendix 
A). Since the FWHM continues to decrease as the crystallite size grows, it becomes 
difficult to separate the size broadening effects from instrumental broadening for large 
particles. A general rule of thumb is that the Scherrer analysis is reliable for mean particle 
sizes under 100 nm (Holzwarth & Gibson, 2011).  
On the opposite extreme, for sub-nanometer to few-nanometer crystallites or 
medium range order (periodicity on the order of 0.5-3 nm), the Bragg peaks exhibit extreme 
broadening that may not overcome the signal-to-noise ratio (Voyles P.M., Gibson J.M., & 
M.M.J., 2000). Furthermore, non-periodic structures such as supported Pt or Ce single 
atoms and Ce single atom clusters cannot be detected by Bragg diffraction techniques. As 
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such, electron microscopy is valuable complementary technique for its ability to extract 
periodic information from extremely small volumes and directly image single atoms. 
 Vibrational Spectroscopies 
For an in-depth description of the theory and instrumentation of vibrational 
spectroscopies, the reader is referred to the cited references  (Lambert, Shurvell, Lightner, 
& Cooks, 1998; Reichenbächer & Popp, 2012). Vibrational spectroscopy probes the 
bonding present in materials via the excitation of normal vibrational modes in molecules 
or crystals. The resonance vibrational frequencies of these normal modes are in the infrared 
regime covering a wide range of wavelengths from 1-1000 µm (or equivalently in units of 
wavenumbers, 14,000 to 10 cm-1). Vibrations in the mid-infrared regime (500-3500 cm-1) 
are most common for qualitatively fingerprinting organic molecules/materials. Infrared 
absorption and Raman scattering have complementary selection rules and will be sensitive 
to different vibrational modes (and potentially certain types of bonds if they are only active 
for one technique). Therefore, it is important to consider both spectroscopies to fully 
characterize bulk bonding in a material.  
Bulk vibrational spectroscopies including FT-IR absorption and FT-Raman 
scattering were obtained from the carbon nitride materials studied in this work to screen 
as-synthesized samples, identify bonding/defects, and correlate with vibrational EELS data 
(see Chapters 3 and 5). The instrument used in both cases was a Bruker IFS 66v/S Vacuum 
FT-IR. There is no sample preparation required and a small amount of powder is required 
(enough to fit on the tip of a small lab spatula). Spectral interpretation of was facilitated by 
comparing experimental data to relevant literature and database information. 
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The selection rules for infrared light absorption require that the normal mode 
vibration changes the dipole moment of the bond (Reichenbächer & Popp, 2012). In the 
ground state (not vibrating), the bond does not need to exhibit a permanent dipole moment. 
If the vibrational motion induces a dipole moment, then there will be a peak (narrow) or 
band (broadened) at the corresponding resonance frequency in the FT-IR absorption 
spectrum. On the other hand, a normal mode will be active for Raman scattering if the 
vibration changes the polarizability (the ability to form instantaneous dipoles) of the bond. 
In other words, if the vibration makes the electron cloud comprising the bond easier to 
polarize, then a corresponding peak will be present in the Raman scattering spectrum. This 
process occurs through inelastic Stokes scattering wherein the incident photon loses energy 
equal to the active vibrational mode’s resonance frequency. Most interactions result in 
elastic Rayleigh scattering while a small, but measurable, fraction occur via Stokes 
scattering. As such, lasers are employed to maximize the energy resolution and minimize 
the lowest detectable vibrational mode energy. 
FT-IR spectrometers utilize a Michelson interferometer to simultaneously measure 
the response of a material to a range of infrared light wavelengths making the measurement 
run within minutes (Lambert et al., 1998). For powdered samples, the transmitted intensity 
cannot be easily accessed as with thin films due to scattering and unknown specimen 
thickness. Instead, the attenuated total reflectance (ATR) is measured by pressing the 
powder against a high refractive index crystal within an ATR module. In brief, the incident 
polychromatic IR beam will be directed into the crystal creating an evanescent wave that 
impinges the powder. IR absorption within the sample will attenuate the internally reflected 
beam within the crystal at the absorption-active vibrational frequencies. Thus, the ATR 
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signal represents the IR absorption spectrum. The FT-Raman mode utilizes a NIR laser (in 
this case a λ = 1064 nm) to illuminate the sample with monochromatic light. For highly 
fluorescent samples (such as g-CNxHys with bandgaps in the visible), visible light lasers 
are avoided and hence and NIR excitation laser is used. 
 Ultraviolet-Visible Absorption Spectroscopy 
For a detailed understanding of the fundamentals, instrumentation, and applications 
of optical spectroscopy in the UV-visible regime, the reader is referred to the cited 
reference (Zhebo Chen et al., 2013; Garcia Sole, Bausa, & Jaque, 2005). UV-visible 
absorption spectroscopy was used to determine the fundamental absorption edges of the 
as-synthesized g-CNxHys and TiO2 nanoparticles as well as the TiO2/CeO2-x composites 
(see Chapters 5 and 6). A PerkinElmer Lambda 18 spectrophotometer with a diffuse 
reflectance accessory (i.e., an integrating sphere) was utilized. The instrument uses 
dispersive optics to only illuminate the sample with a single wavelength at a time, meaning 
measurements can take several minutes for slower scan rates (for specific acquisition 
settings refer to Chapters 5 and 6). This technique also requires a relatively large quantity 
of powder (about the size of a quarter) to completely fill the sample container, which is 
plugged into the side of the integrating sphere.  
As mentioned in Chapter 1, transmitted light cannot be practically measured for 
powdered forms of materials making it difficult to experimentally determine the absorption 
coefficient. Instead, the diffuse reflectance spectrum is obtained and the Kubelka-Munk 
function, f(R), is used to approximate absorption: 
 
𝑓(𝑅) =  
(1 − 𝑅)2
2𝑅
=  
𝛼
𝑠
 [2.5]  
 93 
 
where R is the diffuse reflectance intensity (at wavelength λ), α is the absorption 
coefficient, and s is the scattering coefficient (Lindberg & Laude, 1974; Tüysüz & Chan, 
2016). As can be seen from equation 2.5, f(R) is proportional to the absorption coefficient. 
Because s is difficult to quantify for powdered samples, and assuming it is constant with 
wavelength, this method gives a qualitative measurement of absorption within the sample. 
Most usefully, the f(R) spectrum can be used to estimate the bandgap energies by fitting 
the linearly increasing portion of the spectrum with a least-squares fit and extrapolating to 
the wavelength axis to find its intercept (see Figure A30 in Appendix D). 
 Combustion Elemental Analysis 
The composition of the g-CNxHys were quantified using combustion elemental 
analysis with a PerkinElmer PE24000 instrument operated in CNH mode (for results see 
Table A3 in Appendix C). A few milligrams of powder is loaded into a ceramic cup and 
flash combusted at 1760°C producing CO2, H2O, NO/NO2 gases. Next halogens and sulfur 
are removed from the gas stream then flowed through a GC with a TCD to quantify the 
amount of each gas and the original C/N/H masses within the sample with a precision of 
0.1 g (i.e., about 3-6% error). The weight percentages can then be converted to atomic 
percentages or elemental ratios.  
 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) 
ICP-MS was used to quantify the amount of Pt deposited onto g-CNxHy and 
TiO2/CeO2-x photocatalysts using a Thermo Fisher Scientific iCap-Q ICP-MS instrument. 
In general, this approach involves first ionizing the sample with an inductively coupled 
plasma then quantifying the ions present via mass spectrometry. This technique is ideal 
because it can measure a range of trace metal concentrations down to the sub-ppb level. 
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Since all the Pt loading methods were solution mediated, the starting and final 
concentrations of Pt4+ ions in the supernatant could be measured and the difference was 
used to determine the actual loading. Sample preparation is critical as Pt ions may stick to 
sidewalls of containers during storage. Therefore, each sample was immediately acidified 
upon collection using trace metal grade hydrochloric acid (Sigma Aldrich) by adding 1 mL 
per 20 mL of sample. Based on the nominal loadings, the initial supernatant concentrations 
were calculated to be in the ppm range which can be difficult to directly measure using 
ICP-MS. Therefore, the samples were diluted into an aqueous nitric acid matrix bringing 
the concentrations to the ppb range. Precise tracking of the dilutions was monitored on an 
analytic balance so that the original supernatant concentrations could be extrapolated. Also, 
a set of Pt standards were prepared before each measurement at concentrations of 100, 10, 
1, 0.1, and 0.01 ppb. For details on the steps taken for Pt quantification refer to Sections 
5.2.5. and 6.2.6. 
2.4 Electron Microscopy and Spectroscopy 
Electron microscopy and spectroscopy have become widely adopted 
characterization techniques for the study of inorganic and biological materials due to its 
ability to obtain both structural, electronic, and chemical information on atomic to 
nanometer length scales. A major advantage of this integrated microscopy and 
spectroscopy is the opportunity to correlate atomic structures with local composition and/or 
electronic structure. As technology and devices are increasingly dependent on nanosized 
systems, understanding the connection between critical defects/heterogeneities and 
functional properties have made modern S/TEMs indispensable. Today, the most powerful 
electron microscopes can feature multiple X-ray detectors, monochromators, aberration 
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correctors, high-sensitivity cameras, cryogenic cooling systems, gaseous sample chambers, 
and in situ holders to optimize the imaging and microanalysis of a wide range of materials 
and phenomena.  
In this work, several advanced electron microscopy and spectroscopy techniques 
are developed and utilized for the study of particulate photocatalysts. Monochromated 
EELS is used to obtain local vibrational fingerprints near the surface of a g-CNxHy flake 
and detect the local optical properties of MMO interfaces in TiO2/CeO2-x composites. Low 
fluence rate TEM is applied to several g-CNxHys to investigate in-plane structural disorder 
while avoiding radiation damage. STEM is used to obtain high-angle annular dark field 
(HAADF) images of Pt particles deposited onto g-CNxHy supports and supported-Ce 
morphologies occurring on TiO2 nanoparticles. The cited references provide a complete 
description of the theory, instrumentation, and applications of TEM and related techniques 
(De Graef, 2003; R.F. Egerton, 2008b, 2008a; Fultz & Howe, 2008; Ibach & Mills, 1982; 
Keyse, Garratt-Reed, Goodhew, & Lorimer, 1998; Nellist & Pennycook, 2000; Stephen J. 
Pennycook & Nellist, 2011; Reimer & Khol, 2008; Rice, Koo, Disko, & Treacy, 1990; 
Treacy, Howie, & Wilson, 1978; Treacy & Rice, 1989; Williams & Carter, 2009; Zuo & 
Spence, 2017). In the following sections, the fundamentals of TEM and brief introductions 
to the relevant microscopy/spectroscopy techniques used in this work are provided. 
 Transmission Electron Microscopy (TEM) 
The most obvious motivation for developing electron microscopes are the 
limitations of visible light microscopes’ resolving power, which can be described by the 
Rayleigh criterion: 
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𝛿 =
0.61𝜆
𝜇 𝑠𝑖𝑛 𝛽
 [2.6]  
Where δ is the smallest resolvable distance, λ is the incident radiation wavelength, µ is the 
refractive index of the viewing medium, and β is the collection semi-angle (Williams & 
Carter, 2009). Simplifying the denominator (which represents the numerical aperture of the 
microscope) to one sets a general rule of thumb for resolution to about half of the incident 
wavelength. For visible light photons, this limits the resolution to about 300 nm, which is 
insufficient for resolve atomic-scale defects, interfaces, surfaces, or even individual 
nanoparticles. On the other hand, the de Broglie relationship can be used to obtain the 
theoretical resolution of a microscope using electrons (instead of light) as: 
 
𝛿 =
1.22𝜆
𝛽
 [2.7]  
Which for a 100-keV electron (λ ~ 0.004 nm) gives a resolving power that is even smaller 
than atomic dimensions.  
The vast difference between the fast electron and visible light photon wavelength 
clearly points to the immense potential of TEM for undertaking the task of characterizing 
materials on the atomic/nanometer scale. In practice, this wavelength-limit to resolution 
cannot be reached due to imperfections (or aberrations) in electromagnetic lenses and 
electrical/mechanical instabilities in the electron microscope instrumentation. In the past, 
high-voltage TEMs employing 3-MeV accelerating voltages were developed to increase 
resolution by significantly reducing the electron wavelength. However, this results in 
extreme radiation damage limiting the applicability of the technique. Since the 
development of on-column aberration correctors, which will be discussed later, TEMs with 
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intermediate accelerating voltages (60-400 keV) have been able to achieve sub-angstrom 
spatial resolutions. 
Because the electron is a low mass, charged particle, it can easily interact with the 
positively charged atomic nuclei and negatively charged electron clouds comprising the 
specimen. As such, all images and spectroscopic signals detected in the TEM result from 
electron scattering within the material. Elastic scattering events involve no energy transfer 
and the transmitted electrons are usually in-phase or “coherent” with the incident beam. 
The scattering angles for elastic events are predominately around 1-10° and result from 
interactions with the electron clouds of atoms in the specimen. This type of interaction is 
responsible for diffraction patterns, which can be used to elucidate crystal structures and 
defects. A small fraction of the incident electrons can also be elastically scattered to much 
higher angles (up to 180°) if they penetrate through the electron clouds and interact with 
the nucleus. This process is facilitated by Rutherford and thermal diffuse scattering and is 
responsible for HAADF-STEM image formation, which can be important for mapping 
specimen composition. Inelastic scattering results in a measurable energy-loss to the 
transmitted electrons and usually a phase shift (“incoherent”) relative to the incident wave 
front. The associated scattering angles are very small (<1°). A range of spectroscopic 
signals result from inelastic scattering events within the material, which can be used to 
learn about the chemistry and electronic structure of the specimen. Two of the most 
important inelastic signals include EELS and EDX (energy-dispersive X-ray 
spectroscopy). Hence, there is a wealth of unique signals generated by the electron 
scattering that can be used to interpret the atomic structure(s) and chemistry within the 
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specimen. The unique advantage of TEMs are their ability to be configured to collect one 
or more of these signals at a time, forming a variety of imaging/spectroscopic modes.  
A block diagram of a modern S/TEM is given in Figure 2.8. Firstly, an electron gun 
set to high voltage (60-400 keV) is used to accelerate electrons down the column. The set 
of condenser lenses before the specimen (C1, C2, usually C3) are used to illuminate the 
sample. In the case of STEM, additional deflection coils are employed to raster the 
convergent incident beam across the field of view on the specimen. Next is the objective 
lens, which consists of an upper and lower pole piece that are spaced some distance apart 
wherein the specimen is placed in between. This is the most important lens in the 
microscope as it is responsible for image formation and hence resolution. In the case of 
TEM, the objective lens focuses the transmitted electrons onto the image plane, which is 
then magnified by the intermediate lenses and projected onto the viewing screen (or CCD 
detector). For STEM, the objective lens is used to focus the smallest possible probe onto 
the specimen. Subsequently, a scintillator-PMT detector on the optic axis can collect the 
direct beam or an annular detector is used to collect the high-angle scattered electrons. 
Typically, the bottom of the column will feature an EELS detector, which itself contains 
electromagnetic lenses to disperse the transmitted electrons according to energy, which are 
projected onto a CCD detector forming a spectrum. The EDX (in the diagram referred to 
as EDS) detector is inserted close to the specimen to collect the characteristic X-rays which 
are emitted isotopically. The specimen holder is coupled to a goniometer for translation in 
the X,Y, and Z directions and either one or two tilt axes. As a rule of thumb, the objective 
lens should be operated at a constant current and therefore the Z-height adjustment via the 
goniometer is used to focus the image or beam crossover onto the specimen. Precise tilting 
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is crucial for forming high-resolution TEM (HRTEM) images, zone-axis diffraction 
patterns, or adjusting the diffracting conditions. 
 
Figure 2.8 Schematic diagram of a S/TEM highlighting the major components, lenses, and 
detectors (Fultz & Howe, 2008). Reproduced with permission from Springer Nature; for 
copyright agreement see Appendix F. 
A more detailed ray path diagram contrasting TEM and STEM’s illumination 
systems is shown in Figure 2.9. The main difference between the techniques is the 
convergent angle, α, of the incident electron beam upon the specimen. In TEM mode, a 
parallel beam (α ~ 0°) is desired. The C1 and C2 lenses are excited such that the image of 
the gun crossover is formed at the front focal plane of the objective lens’ upper polepiece 
(sometimes referred to as C3). This sets up a condition wherein a parallel beam can be 
projected onto the sample. For STEM, large α values are desired to form small probes on 
the specimen. Instead, an image of the gun crossover is formed far away from the upper 
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objective lens’ by shutting off the C2 lens. This allows a large demagnification of the gun 
crossover to be focused upon the sample. The C2 aperture (referred to as a diaphragm in 
the figure) will be inserted before the upper polepiece of the objective lens to set α. 
 
Figure 2.9 Ray path diagram of TEM (left) and STEM (right) (Williams & Carter, 2009). 
Adapted with permission from Springer Nature; for copyright agreement see Appendix F. 
In order to properly interpret information in TEM images, it is important to consider 
the two mechanisms contributing to image intensity: (i) amplitude contrast and (ii) phase 
contrast. Typically, an image will contain contributions from both mechanisms. In certain 
situations, the electron optics can be adjusted such that either (i) and (ii) is dominating the 
image contrast so that specific information about the sample can be elucidated. Variations 
in the specimen thickness or mass (or both) can alter the amplitude of the electrons 
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transmitting the specimen through incoherent elastic Rutherford/thermal diffuse scattering. 
This is because heavier atomic nuclei have a larger elastic scattering cross section and as 
thickness increases, there are more opportunities for scattering events. To view mass-
thickness contrast in the image, an objective aperture can be inserted into the back focal 
plane around the direct beam and produce a bright field (BF) image. The BF image will be 
dark in areas exhibiting high mass-thickness. Diffraction, a coherent elastic scattering 
process, can also incur amplitude contrast. In other words, the intensity of the different 
Bragg beams may vary across the image depending on the specific diffracting conditions 
in the specimen. The best way to produce images with strong diffraction contrast is by 
tilting the crystal to a so called two-beam condition wherein the direct beam and only one 
(hkl)-beam are strongly excited. By placing an objective aperture about the diffracted 
beam, a dark field (DF) image is formed. The areas of the image where the (hkl) planes are 
oriented into the selected Bragg condition will have bright intensity and thus orientational 
information about the sample can be obtained. 
Phase contrast occurs when multiple beams, such as the direct beam and Bragg 
beams, constructively and destructively interfere with each other as a result of their relative 
phase shifts. This phenomenon gives rise to lattice fringes often observed in HRTEM 
images, Fresnel fringes about specimen edges, or Moiré patterns. These images will also 
contain the highest spatial resolution because multiple beams, especially those scattered 
out to higher angles (equivalent to small d-spacings), are included. Because phase contrast 
is sensitive to small changes in specimen thickness, orientation, scattering factors, focus, 
and other lens aberrations, structural interpretation based on phase contrast HRTEM 
images can be difficult. If the specimen is very thin and the microscope parameters are well 
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known, image simulations can be used for structure elucidation. On the other hand, while 
the motifs present in phase contrast image may not directly relate to the positions of the 
atomic columns in the specimen, the fringe spacing can give valuable insight on d-spacings 
and orientation. In Chapter 4, lattice fringes are used to elucidate the HRTEM images of 
g-CNxHys. 
2.4.1.1 TEM Imaging Cameras 
A Gatan K2 IS direct electron detector (DED) was used in Chapter 3 and 4 to obtain 
HRTEM images of g-CNxHys. The DED sensor architecture is compared to that of the 
prototypical charge coupled device (CCD) camera on the left-hand side of Figure 2.10. The 
CCD sensor first converts an incident electron into a photon using a scintillator layer. A 
thick fiber optic layer is designed to transfer the light pattern into an array of CCD or 
CMOS detectors. Subsequently, the charge at each pixel is digitized to produce intensity 
in the image. Indirect detection in this way was developed to prevent the high energy 
electrons from damaging the sensitive electronics, however there are several disadvantages 
to such systems (Clough, Moldovan, & Kirkland, 2014; Milazzo et al., 2010; Ruskin, Yu, 
& Grigorieff, 2013). One fundamental limitation stems from the scattering of electrons in 
the scintillator layer, which causes photons to be generated in a larger region than the 
original event. This causes blurring in the final image and reduces the camera’s modulation 
transfer function (MTF). The MTF is a measure of a camera’s spatial frequency response 
(an MTF of one means that information at a particular spatial frequency is transferred 
perfectly to the image). Other disadvantages include smaller field of view, poor dynamic 
range, and relatively low sensitivity. 
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Figure 2.10 Comparison between sensor architecture in a charge coupled device (CCD) 
detector and a direct electron detector (DED) (left). Comparison of detective quantum 
efficiencies (DQEs) for several DED and CCD detectors (right) (Ruskin et al., 2013). 
Adapted with permission from Elsevier; for copyright agreement see Appendix F  
The recently developed DEDs rely on a simple electron to charge conversion by 
avoiding the scintillator and fiber optic layers and employing a radiation resistant CMOS 
pixel array (as shown in Figure 2.10) (Faruqi, Henderson, Pryddetch, Allport, & Evans, 
2005). A direct consequence of the thinner architecture means the primary electron events 
are less delocalized, improving the MTF. There is also no fixed pattern noise or gain 
variation artifacts that result from the fiber optic array or scintillator layers, respectively. 
DEDs are often accompanied by digitizer and processing units enabling high frame rates 
(ideal for in situ TEM) and electron counting modes (ideal for low fluence rate TEM). In 
the counting mode, the rapid read-out rate of 400 frames/s is able to count individual 
primary electron events and reject the read noise. This dramatically improves the detective 
quantum efficiency (DQE) as seen in the right-hand side of Figure 2.10. The DQE is the 
ratio of the output to the input signal-to-noise ratio. As can be seen from the DQE curves, 
the two CCD detectors produce the noisiest images whereas the DEDs all feature 
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significantly increased sensitivity, especially for the K2 camera in counting mode which is 
used in Chapter 4.  
 Scanning Transmission Electron Microscopy (STEM) 
As mentioned previously, the illumination system for STEM involves focusing an 
Å-sized probe onto the specimen and rastering it across a region of interest using scan coils 
(Keyse et al., 1998). Instead of inserting post-specimen apertures to isolate the BF or DF 
signals, as is performed in TEM, specific detectors are used to capture the electrons exiting 
the sample depending on the scattering angles. In this way, the image is built up point by 
point as the beam rasters across the field of view. Unlike TEM, no intermediate lenses are 
needed to adjust magnification. Rather, the deflection coils are adjusted to progressively 
scan over smaller regions. Another advantage of the STEM configuration is the ability to 
collect spectroscopic signals, such as EELS or EDX, in a pixel-by-pixel fashion. This 
enables both structural and chemical imaging with the highest possible spatial resolution. 
A critical technological advancement allowing STEM to be feasible was the development 
of high-brightness electron sources such as field emission guns (FEGs). The gun crossover 
emitted from FEGs can be focused to a small point (<1 nm) while maintaining a high beam 
current (>0.5 nA or 1010 e-/s) on the specimen, which is useful for producing high signal-
to-noise spectroscopic data (R.F. Egerton, 2008b).  
As the probe scans across the sample, a stationary convergent beam electron 
diffraction (CBED) pattern is formed beyond the specimen, as shown in Figure 2.11. This 
is different than the diffraction patterns formed under parallel illumination, which features 
concentrated points as the diffracted beams run parallel to one another. In STEM mode, 
there is a range of incident angles (determined by α) which become scattered according to 
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the Bragg angles into cones and form diffraction disks. The main difference between the 
direct beam in TEM vs STEM, is that the central disk in the CBED pattern can contain 
phase contrast information. This is because non-parallel incident beams may be Bragg 
diffracted into a parallel condition and subsequently interfere with the undiffracted beams. 
 
Figure 2.11 Differences between diffracted beams formed with parallel (left) and 
convergent beam (right) illumination (Fultz & Howe, 2008). In TEM mode, the diffracted 
beams are parallel, forming a spot pattern. In STEM, diffracted beams form cones which 
results in enlarged diffracted disks in the corresponding CBED pattern. This is what allows 
the central BF disk in STEM to contain phase contrast information. Figure adapted with 
permission from Springer Nature; for copyright agreement see Appendix F  
 By varying the camera length and inserting various detectors, the electrons 
contributing (or excluded) from the images can be finely controlled. Essentially, the STEM 
detectors function as variable objective apertures whereas in TEM, each objective aperture 
has a fixed collection angle. Typical STEM detector angles relative to the probe 
convergence angle, α, are represented in Figure 2.12. The BF detector is on-axis and 
collects electrons from the on-axis BF disk; a typical maximum acceptance angle for the 
BF detector would be half of α. The BF-STEM images are most similar to TEM phase 
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contrast images. An example of a BF-STEM image from one if the TiO2/CeO2-x 
photocatalyst powders studied in this report is shown in Figure 2.13a. The TiO2 and CeO2 
phases can be easily identified by measuring the lattice fringe separation distances. Another 
option involves the collection of annular BF (ABF) images by employing an ABF detector 
or apertures/beam stoppers to project an annulus of the direct beam onto the BF detector 
(R. Ishikawa et al., 2011; Okunishi, Sawada, & Kondo, 2012; Phillips & Klie, 2016). This 
method is uniquely capable of producing phase contrast of light atoms such as hydrogen 
and oxygen and has become very popular in recent years. Annular dark field (ADF) 
detectors cover scattering angles outside the BF disk and therefore the minimum inner 
collection angle would be greater than α. The camera length can also be adjusted such that 
the diffracted beams strike the detector and the resulting images will therefore be 
dominated by diffraction contrast. Compared to DF-TEM images, the ADF images formed 
from diffracted beams will have better contrast because all of the (hkl) Bragg beams may 
be collected with the annular detector (as opposed to just a fraction of them when objective 
apertures are used). A distinction is usually made between ADF and high-angle ADF 
(HAADF) detectors as the latter is used to collect only the Rutherford and thermal diffuse 
scattered electrons. The inner collection angle of HAADF detector is therefore much 
greater than α. As such, these images are referred to as Z-contrast images because the 
contrast is attributed to the mass-thickness effects. An example of a HAADF-STEM image 
of the TiO2/CeO2-x powder (taken simultaneously during BF-STEM acquisition) is shown 
in Figure 2.13b. Compared to the BF image, the presence of Ce single atoms is revealed 
around the surface and junction between two TiO2 particles. Hence, a major advantage of 
HAADF-STEM imaging (particularly when combined with aberration-corrected probes), 
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is the ability to detect supported single atoms. This capability is used to locate single atoms 
of Pt on g-CNxHy and Ce single atoms on TiO2 in Chapters 5 and 6, respectively. 
 
Figure 2.12 Schematic of the STEM detector set up (Williams & Carter, 2009). Adapted 
with permission from Springer Nature; for copyright agreement see Appendix F. 
 
Figure 2.13 Typical (a) BF-STEM and (b) HAADF-STEM image from the same region 
of Ce-loaded onto TiO2(S) nanoparticles (microscope: JEOL ARM 200F, 200 keV). 
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 Aberration Correction 
Lens aberrations are critical and fundamental aspects of S/TEM which affect image 
interpretation and spatial resolution. The sample preparation, electron source brightness, 
and instabilities in the microscope are also important factors that affect spatial resolution 
but will not be discussed further here (O L Krivanek et al., 2008). As mentioned previously, 
the objective lens is the resolution-determining component of the TEM or STEM. Ideally, 
this lens would operate such that point sources are focused to single points in the image 
plane in TEM mode. However, a fundamental limitation of these round electromagnetic 
lenses is that they possess a nonzero spherical aberration coefficient (Cs). There are other 
geometrical aberrations including astigmatism and coma, yet these can be reasonably 
minimized in conventional TEMs and as such do not limit the resolution.  
A ray diagram illustrating spherical aberration is given on the left-hand side of 
Figure 2.14. Electrons scattered by the object, P, to higher angles are focused more strongly 
than the on-axis electrons. In the Gaussian image plane, the points in the object appear 
blurred out to a disk of diameter equal to 2Csβ3, where β is the maximum collection angle 
of the objective lens aperture (Williams & Carter, 2009). Typical values of Cs are from 0.5-
3 mm. It should be noted from the figure that the minimum amount of blurring can be 
achieved in an overfocused condition, or at the so called plane of least confusion wherein 
the disk has a diameter of 0.5Csβ3. In fact, in conventional TEMs the optimal condition for 
producing the highest interpretable spatial resolution is known as the Scherzer defocus and 
is equal to -1.2(Csλ)1/2 (i.e., in an overfocused condition) (Scherzer, 1948). This 
corresponds to a spatial resolution of 0.66(Csλ3)1/4. The term “interpretable” is extremely 
important here. The objective lens’ aberrations will impose additional phase shifts upon 
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the transmitted electrons which can be described by the contrast transfer function (CTF). 
The functional form of the CTF is oscillatory with spatial frequency and therefore 
information at higher spatial frequencies can have complex contrast flipping making it 
difficult to interpret. Ideally, one wants all atoms to appear black or white depending on if 
the CTF is negative or positive, respectively. The Scherzer defocus essentially maximizes 
the “pass band”, or the range of spatial frequencies where there is constant phase shifts by 
the objective lens thus maximizing the interpretable resolution. The information limit of 
the microscope represents the highest spatial frequency transferred to the image by the 
microscope but does not necessarily contain interpretable information beyond the Scherzer 
resolution.  
Besides the geometrical aberrations there is chromatic aberration given by the 
coefficient Cc. As seen in the right-hand side of Figure 2.14, chromatic aberrations cause 
energy-loss electrons to be focused to different points. Typically, the high voltage sources 
are very stable imposing variations on the incident electron energy in the ppm range (or 
0.1 eV for 100 keV electrons). The energy spread of the electron source can range 
anywhere from 250 meV (for cold FEGs) to 1 eV (for LaB6). The theoretical Cc-limited 
resolution is derived as 𝐶𝑐
Δ𝐸
𝐸0
𝛽 where ΔE is the energy spread of electrons exiting the 
sample and E0 is the accelerating voltage. This shows that for thicker specimens, where the 
average energy-loss would be greater due to multiple scattering events, the resolution can 
be highly dependent on sample geometry. Especially for thin TEM samples and the 
coherent electron sources mentioned previously, the spatial resolution in a conventional 
TEM is usually not Cc limited. However, when Cs correctors are implemented then the next 
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limiting aberration becomes Cc. In this case, a straightforward way of minimizing Cc is to 
reduce the energy spread of the beam by introducing monochromators before the condenser 
lenses (O. L. Krivanek et al., 2009; Mook & Kruit, 1999; Thrauchi et al., 1991). The 
monochromator design specific to the EELS experiments performed in Chapter 3 and 6 
will be introduced in the following section. 
 
Figure 2.14 Spherical aberration (left) causes off-axis rays to be overfocused. Chromatic 
aberration (right) causes rays of different energies to have different focal lengths. In both, 
a plane of least confusion and Gaussian image plane can be identified, both of which 
represent a blurred version of the original object (Williams & Carter, 2009). Adapted with 
permission from Springer Nature; for copyright agreement see Appendix F. 
Aberration correctors, specifically aimed at minimizing spherical aberrations, have 
revolutionized the spatial resolution of today’s electron microscopes as demonstrated in 
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Figure 2.15. Rose initially outlined many of the components that would later become 
incorporated into modern day aberration corrected TEMs (AC-TEMs) (Rose, 1994). Since 
then, several advances have culminated to realize modern day AC-S/TEMs most notably 
including online microscope control and automated diffractogram analysis (Smith, 2008, 
2009, 2012). The latter of which allows rapid recording of diffractograms (usually from 
thin amorphous carbon films) at a specified defocus and beam tilts wherein the symmetry 
of the diffractogram tableau can allow for precise calculation of aberration coefficients up 
to the fifth order (O.L. Krivanek & Mooney, 1993). Max Haider and colleagues developed 
the first commercial Cs corrector for TEMs, based on the ideas of Rose, involving a double 
hexapole lens system (Haider et al., 1998). The instrument achieved an interpretable 
resolution of 0.14 nm compared to the uncorrected value of 0.24 nm, which is shown by 
the corresponding CTFs in Figure 2.16a. Furthermore, it is also possible to excite the 
hexapoles in such a way that the Cs value can be tuned to negative values which is 
advantageous for enhancing light atom contrast from elements such as O, N, or B (Lentzen 
et al., 2002; K W Urban et al., 2009; Knut W Urban, 2008). This capability was leveraged 
in Chapter 4 to enhance the contrast in HR-TEM images of g-CNxHys. 
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Figure 2.15 Trend in spatial resolution of microscopy: we are currently in the aberration 
corrected electron microscopy era (S J Pennycook, Varela, Hetherington, & Kirkland, 
2006). Reproduced with permission from Cambridge University Press; for copyright 
agreement see Appendix F. 
In parallel to Haider’s efforts, Krivanek and coworkers at Nion Co. developed a 
probe corrector for dedicated STEMs which utilizes a quadrupole-octupole system placed 
between the condenser and objective lenses (O L Krivanek, Dellby, & Lupini, 1999). The 
initial design achieved a probe size of <1 Å at 100 keV. Subsequent iterations with 
improved correction of fifth-order aberrations (C5’s) resulted in higher probe currents 
without degrading resolution, making Nion machines ideal for nanoanalysis over a range 
of accelerating voltages (Batson, Delby, & Krivanek, 2002; Dellby, Krivanek, Nellist, 
Batson, & Lupini, 2001; O L Krivanek et al., 2008; O L Krivanek, Nellist, Dellby, Murfitt, 
& Szilagyi, 2003; Ondrej L Krivanek et al., 2010; Varela et al., 2005). An example of the 
resolution improvement is presented in Figure 2.16b which displays the Ronchigram (a 
shadow image of focused STEM probe) of the corrected probe. The central region 
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displaying an even intensity level, of radius 40 mrad, represents the largest convergence 
angle that is unaffected by geometric aberrations. Comparatively, an uncorrected STEM’s 
optimum convergence angle is only 10 mrad. The aberration-corrected STEM is exploited 
in Chapters 3, 5, and 6 for obtaining high resolution HAADF-STEM images of Pt/g-CNxHy 
and TiO2/CeO2-x powders and for performing local EELS analysis from the particulate 
photocatalysts.  
 
Figure 2.16 (a) Calculated CTFs at the Scherzer defocus of Haider’s uncorrected and Cs-
corrected TEM operating at 200 keV; the spatial resolution of the corrected TEM is 
consistent with the information limit (Haider et al., 1998). (b) Ronchigram shadow image 
taken with Krivanek’s C3/C5-corrected STEM showing the significant increase in the 
probe’s convergence angle (O L Krivanek et al., 2008). Figures adapted with permission 
from Elsevier; for copyright agreements see Appendix F. 
 Electron Energy-Loss Spectroscopy (EELS) 
As mentioned in Section 2.4.1, inelastic electron scattering via Coulomb forces 
between the fast electrons and atomic electrons generates a range of spectroscopic signals. 
Many spectroscopic techniques detect de-excitation events such as characteristic X-ray 
emission through EDX spectroscopy or visible light emission via cathodoluminescence 
spectroscopy. EELS focuses on the excitation or ionization of the solid by the fast electron. 
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In this way, a variety of processes can be initiated including core electron excitation, 
plasmon resonance, VB to CB electron transitions, and even vibrational modes within the 
specimen. Each of these processes has an energy-loss regime wherein the spectral edges, 
peaks, or features can be interpreted to provide a wealth of information on composition, 
bonding, and optical properties. In this work, the vibrational (<1 eV) and valence (1-3 eV) 
regime are explored prolifically on g-CNxHy and TiO2/CeO2-x in Chapters 3 and 6. EELS 
is performed in a STEM allowing individual spectra to be correlated with local structures 
or to explore surface heterogeneities. Minimizing beam damage was a critical concern and 
therefore an aloof-beam configuration is used for STEM-EELS. Furthermore, an important 
innovation that has enabled these measurements is an on-column monochromator, which 
improves the energy resolution and detectability of ultra low-loss features. The basic 
concepts of EELS, the electron monochromator, and aloof-beam configuration will be 
discussed in the following. 
Figure 2.17a provides a schematic representation of the inner-shell and outer-shell 
electronic excitation processes (R.F. Egerton, 2008a). For the core-level electrons, which 
have binding energies on the order of hundreds to thousands of eVs, the inelastic events 
must transfer at least that amount of energy to promote these bound electrons above the 
Fermi level, EF. Similarly, the valence electrons, which sit much closer to the Fermi level, 
will require smaller energy-losses to make an inter band transition across the bandgap. For 
metals, collective oscillations of the valence electrons via the fast electron will result in 
plasmon resonances. In all cases, it is also possible for larger energy transfers to occur 
which overcome the vacuum level, Evac. Exceeding this energy threshold will generate 
secondary electron emission.  
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Figure 2.17 (a) Schematic representation of the inner-shell and outer-shell inelastic 
excitation processes that can be detected with EELS compared to signals generated by de-
excitation, which are the subject of other spectroscopic techniques. (b) Example of EELS 
from YBa2Cu3O7 showing a broad range of energy-loss features that can be attributed to 
the excitation processes shown in (a) (R.F. Egerton, 2008a). Figures adapted with 
permission from Sprinter Nature; for copyright agreement see Appendix F. 
In Figure 2.17b, an example of an energy-loss spectrum from a high-temperature 
superconductor, YBa2Cu3O7, is given (R.F. Egerton, 2008a). The wide energy-loss range 
of 1000 eV covers outer-shell excitations (~1-40 eV) and inner-shell excitations (>50 eV). 
At zero energy loss is the zero-loss peak (ZLP) which represents the elastically scattered 
electrons. Note the intensity axis is on a log scale, indicating that elastic scattering 
dominates for thin TEM specimens and that the scattering probability (cross section) gets 
increasingly smaller for higher energy transfers. Thus, improving the detectability of all 
inelastic scattering signals is desirable for maximizing the utility of EELS. In general, the 
spectral background can be fitted to a power-law function, AE-r, where E is the energy-loss 
and A and r are constants. 
Since inelastic scattering is of interest, the majority of energy-loss electrons will 
have small scattering angles of <1°. Thus, acquisition of EELS is achieved through an on-
axis spectrometer employing an electromagnetic prism as shown in Figure 2.18a. The 
spectrometer’s object is the projector lens crossover, which either contains an image or 
 116 
 
diffraction pattern representative of a region within the specimen. In TEM mode, it is 
recommended to collect EELS in diffraction mode to increase the intensity of electrons 
entering the spectrometer. In STEM-EELS, the CBED pattern (i.e., the on-axis BF disk) 
will be projected into to the spectrometer. The entrance aperture’s equivalent convergence 
semi-angle can be set to ~5-50 mrad or removed to maximize the number of electrons 
collected. A magnetic prism then disperses the transmitted electrons according to energy 
by bending the trajectory by ~90°. This occurs because the electrons’ velocity is 
proportional to their energy. Thus, electrons that have lost more energy suffer a smaller 
radius of curvature through the prism and exit with a larger deflection angle relative to the 
zero-loss electrons. The resulting dispersion plane is captured on rectangular CCD detector 
which is then binned to generate an energy-loss spectrum.  
 
Figure 2.18 (a) Schematic diagram of ray paths through the EELS spectrometer which 
behaves similarly to a glass prism (Williams & Carter, 2009). Adapted with permission 
from Springer Nature; for copyright agreement see Appendix F. (b) Schematic diagram of 
a so called α-monochromator which is placed between the electron gun and condenser 
lenses (Hachtel, Lupini, & Idrobo, 2018). 
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Proper focusing of the lenses within the spectrometer to minimize aberrations, 
which will reduce the energy resolution and make low energy-loss signals more difficult 
to resolve, is critical to collecting high quality EELS data. The FWHM of the ZLP is a 
generally accepted figure of merit used to gauge the energy resolution of the microscope. 
Ideally, the spectrometer should be tuned such that the energy resolution is limited only by 
the energy spread of the electron gun. For cold FEGs, the ZLP should have a FWHM of 
270-350 meV, and for thermionic emission or Schottky guns the width will be larger, 
usually around 700 meV (Hachtel et al., 2018). For core-loss EELS, these energy 
resolutions are reasonable since the natural line width of core-level excitations, based on 
lifetime broadening, are around 200 meV (Crozier, 2017; Krause & Oliver, 1979). 
However, these energy resolutions will limit several aspects of low-loss EELS. Firstly, it 
limits the ability to detect peaks separated by 100’s of meVs or less (typical peak 
separations observed in vibrational spectroscopy). Secondly, the ZLP tail will extend to 
much higher energies, essentially burying the low energy-loss signals within its strong 
background. The α-type monochromator, designed by Krivanek and colleagues and used 
in this work, is shown in Figure 2.18b (O. L. Krivanek et al., 2009). The monochromator 
first disperses the gun electrons in the same way as the EELS spectrometer described 
above. A variable slit aperture is placed in the dispersion plane to select a much smaller 
energy spread and subsequently these electrons are directed through a second prism which 
recompresses them into the beam. The variable slit can adjust the degree of 
monochromation by shifting to regions where the slit width is larger or smaller. This design 
can reliably reduce the ZLP’s FWHM to ~10 meV.  
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In practice, the ZLP will be broadened by phonon scattering in the sample meaning 
the actual energy resolution in EELS may a bit larger (Stöger-Pollach & Schattschneider, 
2007). Figure 2.19 shows the effect of different levels of monochromation on a very low 
energy-loss signal attributed to a phonon generated within a hexagonal boron nitride flake 
(Hachtel et al., 2018). At a 44-meV energy resolution, the phonon peak at ~180 meV 
emerges and becomes noticeably sharper at a stronger monochromation characterized by 
an energy resolution of 20 meV. This shows that reducing the ZLP’s FWHM and tails are 
both instrumental to enabling vibrational EELS. Furthermore, the minimized ZLP tail 
means that the bandgap region will have much less intensity making the presence of 
bandgap states easier to detect. 
 
Figure 2.19 Effect of beam monochromation on (a) EELS energy resolution and (b) the 
detectability of a vibrational signal at ~180 meV (Hachtel et al., 2018). 
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 Core-level excitations occur over the widest energy-loss range starting at ~50 eV 
and extending up to 2000 eV with edge energies corresponding to the binding energies of 
core-level electrons (R.F. Egerton, 2008a). The energy positions of the EELS edges are 
useful for identify the elements present within the sample or chemical shifts in the binding 
energies resulting from bonding. For K-shell excitations (such as the C-K or N-K edges 
measured from g-CNxHys), a characteristic sawtooth shape is observed wherein a sharp 
increase occurs at the binding energy and exponentially decreases for several 10’s of eVs 
until it is washed out by the background. In transition metals (such as Ti and Ce), the L and 
M edges will contain two intense, sharp peaks known as “white lines” which are separated 
by several eV; the intensity ratio of these peaks can be used to evaluate the valence state in 
a particular region of the sample.  
A typical energy-loss spectrum from Nicanite (a commercial g-CNxHy powder)  in 
the core-loss regime is given in Figure 2.20. The C-K and N-K ionization edges occur at 
284 and 399 eV, respectively. Narrow 1s → π* peaks occurring just after the edge threshold 
energy indicate the presence of out-of-plane hybridized orbitals indicative of a layered 
structure. The delayed maxima with a sawtooth shape are attributed to 1s→σ* transitions. 
Quantification of the C/N elemental ratios based on the EELS intensities requires 
background subtraction and consideration of scattering cross sections; for detailed 
procedures refer to Egerton’s textbook on EELS (R.F. Egerton, 2008a). In this report, the 
pre-edge background is fit to an inverse power law and extrapolated over the K edge region 
to obtain the background-subtracted signal. Scattering cross sections were generated using 
Digital Micrograph software according to the Hartee-Slater method. The specific procedure 
used for C/N ratio calculation in Chapter 3 is given in Appendix B.  
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Figure 2.20 Typical EELS spectrum from Nicanite, a commercial g-CNxHy powder, in the 
core-loss region (microscope: Nion UltraSTEM-100, E0 = 60 keV, α = 30 mrad, β = 45 
mrad, spectrometer dispersion = 0.2 eV/channel). Background modelling, scattering cross 
sections (used for quantification), and the background subtracted signals are also shown. 
The low-loss region covers energy-losses up to 50 eV and contains features due to 
outer-electron excitations and vibrational mode excitations. As mentioned previously, 
excitation of the valence electrons into the CB will produce an intensity onset whose energy 
position can be used to determine the local bandgap energy. An example of the bandgap 
determination of g-CNxHy and PTI/LiCl from EELS is given in Figure A1 in Appendix B. 
Furthermore, the suppressed tail in monochromated EELS can enhance the detectability of 
bandgap peaks, which is performed in Chapter 6. The edge shape beyond the bandgap onset 
can be interpreted either with a joint density of states (JDOS) approach or a dielectric 
approach, the former of which has been successful in determining the energy position and 
width of bandgap states in TiO2 and Pr-doped CeO2 nanoparticles (Bowman, March, 
Hernandez, & Crozier, 2016; Qianlang Liu, March, & Crozier, 2017). In the JDOS 
approach, the spectral shape is modelled by convoluting the occupied (VB) and unoccupied 
(CB) densities of states, which can be approximated from the relevant literature or through 
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DFT simulations. By inserting Gaussian-shaped peaks of various FWHMs and intensities 
into the forbidden bandgap region, the simulated convolutions can be made to match that 
of the experimental energy-loss spectra providing valuable insight into local defect states. 
It should be noted that the JDOS does not include many body effects like excitons. On the 
other hand, the dielectric method can be useful for modelling the effect of thin overlayers 
and geometrical effects of nanoparticles on valence EELS data (Qianlang Liu et al., 2017; 
Venkatraman, Rez, March, & Crozier, 2017).  
Peaks attributed to vibrational excitations can be found below 1 eV in the infrared 
regime, which means they are sitting on a strongly decaying ZLP tail and require a high 
degree of monochromation to be detected. Various models can be used to subtract the 
background including the inverse power law or exponential functions. Unlike the core-loss 
background subtraction, two window fitting (on either side of the vibrational peak) 
provides the most reliable signal extraction (Hachtel et al., 2018). In Chapter 3, the relative 
intensities of vibrational peaks in layered carbon nitrides are computed via a two-window 
background subtraction using a power law (see Appendix B). There are two mechanisms 
for generating phonons within crystals from an electron beam: (i) impact scattering and (ii) 
dipole scattering (Ibach & Mills, 1982). Impact scattering is a short-range interaction 
involving the collision of a fast electron with the atomic nuclei, which can subsequently 
trigger normal vibrational modes within the specimen. The process is related to the 
Rutherford and thermal diffuse scattering that generates the HAADF signal in STEM and 
therefore is characterized by high scattering angles. On the other hand, the long-range 
Coulomb field generated by the fast electron can polarize the bonds within the specimen 
and similarly excite vibrational motions. This is known as dipole scattering, which is 
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dominant at lower scattering angles, is more delocalized, and makes up the majority of the 
vibrational EELS intensity.  
It should be noted that infrared and Raman scattering spectroscopies can obtain 
much higher energy resolutions than that of monochromated EELS. Neutron inelastic 
scattering spectroscopy is also highly selective toward the impact scattering mechanism 
and therefore much greater high angle signals can be acquired. However, both of these 
aforementioned techniques are effectively limited to bulk samples. Near-field optical 
spectroscopies are perhaps most similar to monochromated EELS in the vibrational regime 
as they can achieve spatial resolutions on the order of 10’s of nanometers (Dazzi et al., 
2012; Felts et al., 2013; F. Lu, Jin, & Belkin, 2014; Shi, Coca-López, Janik, & Hartschuh, 
2017). A major drawback of these approaches is that they cannot accommodate all types 
of samples, namely high surface area particulate (photo)catalyst particles. Furthermore, the 
long-range interaction of the fast electron can be exploited to minimize radiation damage 
via an aloof-beam configuration which is schematically depicted in Figure 2.21. The 
convergent probe is placed several nanometers beyond the specimen edge and an energy-
loss spectrum is usually acquired over the vibrational or valence regime. Because the beam 
is not incident on the material, knock-on damage mechanisms (resulting from fast electrons 
colliding with the atomic nuclei) are shut off. The extent of radiolytic damage (i.e., 
ionization) can be modulated by increasing the impact parameter, b. However, as b is 
increased, the strength of the Coulomb field in the sample decreases and the EELS intensity 
diminishes therefore a balance should be made between minimizing damage and 
maximizing signal. The spatial resolution of the aloof-beam EELS signal depends on b and 
is discussed in Section 3.3.3. Furthermore, surface sensitivity is enhanced in the aloof-
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beam configuration making it ideal for investigating surface amine heterogeneities in g-
CNxHy or bandgap states in TiO2/CeO2-x photocatalysts, which is the focus of Chapters 3 
and 6. As such, monochromated EELS represents a powerful approach for performing 
optical and chemical nanocharacterization of photocatalyst surfaces. 
 
Figure 2.21 Schematic diagram of (a) transmission and (b) aloof-beam configurations used 
for STEM-EELS (Qianlang Liu et al., 2017). Adapted with permission from Elsevier; for 
copyright agreement see Appendix F.  
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 Nanoscale Probing of Local Hydrogen Heterogeneity in Disordered Carbon 
Nitrides with Vibrational Electron Energy-Loss Spectroscopy 
Abstract1 
In graphitic carbon nitrides, (photo)catalytic functionality is underpinned by the 
effect that residual hydrogen content, manifesting in amine (N-Hx) defects, has on its 
optoelectronic properties. Therefore, a detailed understanding of the variation in the local 
structure of graphitic carbon nitrides is key for understanding structure-activity 
relationships. Here we apply aloof-beam vibrational electron energy-loss spectroscopy in 
the scanning transmission electron microscope (STEM) to locally detect variations in 
hydrogen content in two different layered carbon nitrides with nanometer resolution. 
Through low fluence rate TEM, we obtain atomically-resolved images from crystalline and 
disordered carbon nitrides. By employing an aloof-beam configuration in a 
monochromated STEM, radiation damage can be dramatically reduced yielding vibrational 
spectra from carbon nitrides to be assessed on 10s of nanometer length scales. We find that 
in disordered graphitic carbon nitrides, the relative amine content can vary locally up to 
27%. Cyano (C≡N) defects originating from uncondensed precursor are also revealed by 
probing small volumes, which cannot be detected by infrared absorption or Raman 
scattering spectroscopies. The utility of this technique is realized for heterogeneous soft 
materials, such as disordered graphitic carbon nitrides, in which methods to probe 
catalytically active sites remain elusive. 
 
1The content of this chapter was adapted with permission from “Nanoscale Probing of Local Hydrogen 
Heterogeneity in Disordered Carbon Nitrides with Vibrational Electron Energy-Loss Spectroscopy” D. M. 
Haiber and P. A. Crozier, ACS Nano 2018, 12, 5463-5472. © 2018 American Chemical Society. For 
copyright agreement see Appendix F. 
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3.1 Motivation 
As discussed in Chapter 1, layered, polymeric carbon nitrides have recently 
emerged as highly efficient, metal-free, visible-light absorbing semiconductors with 
applications including photocatalysis, fuel cell catalysts, and CO2 reduction/activation 
(Goettmann, Thomas, & Antonietti, 2007; J. Liu et al., 2015; Lyth et al., 2009; Xinchen 
Wang et al., 2009). Constructed from heptazine (C6N7) or triazine (C3N3) monomers, 
polymerization yields semiconductors with bandgaps of around 2.6-2.8 eV (Cao et al., 
2015; Kroke et al., 2002). Their idealized layer structure can be related to graphene by 
replacing every other carbon atom with nitrogen and introducing regularly-spaced voids 
(Bojdys, 2016). These layers can be stacked via Van der Waals forces to yield high surface 
area graphitic carbon nitride. In practice, thermal condensation routes limit the final 
product to contain small quantities of hydrogen ranging from 2-20 at% (Jorge et al., 2013; 
Kessler et al., 2017; Bettina V. Lotsch et al., 2007; Martin et al., 2014; T. S. Miller et al., 
2017; Thomas et al., 2008). As such, the average in-plane structure of g-CNxHy is based 
on heptazine (C6N7) motifs bridged by N-H/N-H2 groups arranged in zig-zag chains 
(Bettina V. Lotsch et al., 2007). Vibrational spectroscopy and X-ray diffraction shows 
significant variation in both the average hydrogen content and the long-range order among 
different carbon nitrides (Dong et al., 2013; Jorge et al., 2013; Jinghai Liu, Zhang, Wang, 
Dawson, & Chen, 2011; Long, Lin, & Wang, 2014; Martin et al., 2014; P. Wu, Wang, 
Zhao, Guo, & Osterloh, 2014a; Yuan et al., 2015; G. Zhang, Zhang, Zhang, & Wang, 2012; 
Yu Zheng, Zhang, & Li, 2017). Describing the hydrogen heterogeneity at the nanometer 
scale is important for understanding the variations in catalytic functionalities of these 
materials. Probing structural heterogeneity, including the spatial variation of hydrogen 
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present in amine groups, is challenging because of the disordered structure and irregular 
morphology associated with high surface area forms of this material. Here, we show that 
the recently developed technique of vibrational electron energy-loss spectroscopy (EELS) 
in the scanning transmission electron microscope (STEM) can be employed to locally 
detect hydrogen in carbon nitrides at nanometer resolution. We find significant variations 
in the local hydrogen content suggesting heterogeneity in the distribution of bonding 
consistent with structural disorder. 
A completely different group of layered carbon nitrides can be prepared using 
ionothermal synthesis yielding crystallites of poly(triazine)imide with intercalated Li/Cl 
ions (PTI/LiCl) (Bojdys et al., 2008). Based on triazine (C3N3) units, these carbon nitrides 
contain correspondingly lower hydrogen content around 0.7-3 at.% (Wirnhier et al., 2011). 
Recent developments have achieved few-layer, defect-free PTI/LiBr nanosheets by 
spontaneous dissolution, although the nanoscale solvent-solid interactions responsible for 
dissolution are not well understood (Thomas S. Miller et al., 2017). These PTI containing 
compounds have increased optical absorption, relative to g-CNxHy materials, tunable 
photoluminescence depending on layer thickness, and tunable bandgaps depending on the 
Li-content (in PTI/LiCl) (Ham et al., 2013; McDermott et al., 2013; Thomas S. Miller et 
al., 2017; Schwinghammer et al., 2013). 
Amine (N-Hx) content in layered carbon nitrides has been linked to key 
functionalities such as photocatalytic activity for hydrogen evolution under visible light. 
For Pt-functionalized g-CNxHy, decreasing hydrogen content (or protonation) leads to 
higher hydrogen evolution rates with AQYs reaching around 25% at 400 nm in a low 
amine-content g-CNxHy (Martin et al., 2014). This effect was explained through density 
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functional theory, which showed that protonated g-C3N4 reduced the overpotential for 
hydrogen evolution by shifting the conduction band (CB) minimum closer to the valence 
band (VB) maximum. It has also been shown that higher amine content in Pt/g-CNxHy 
synthesized from dicyandiamide is associated with increased visible-light absorption 
created by e-/h+ trap states that ultimately limit photocatalytic performance (Jorge et al., 
2013; P. Wu et al., 2014a). More recent evidence combining experimental and theoretical 
observations suggests that surface amine-groups improve photocatalytic activity by acting 
as a charge transfer medium between the g-CNxHy and supported Pt co-catalyst 
nanoparticles (V. W. hei Lau et al., 2017). Among PTI/LiCl compounds, increasing amine 
content can lead to a dramatic improvement in hydrogen evolution rates attributed to 
increased visible-light mediated e-/h+-pair generation (Schwinghammer et al., 2014). In 
delithiated PTI/LiCl, high hydrogen content accompanying low lithium concentration is 
associated with a decreased CB minimum to extend visible-light absorption 
(Schwinghammer et al., 2013). Most likely, a combination of optoelectronic properties, 
structure, and morphology regulate the interaction between layered carbon nitrides and 
their supported cocatalyst (e.g., Pt) which ultimately govern charge transfer and the surface 
density of catalytically active sites. 
Conventional infrared (IR) spectroscopy and elemental analysis are popular 
techniques to compare/quantify hydrogen content in layered carbon nitrides. However, 
these techniques lack the spatial resolution needed to investigate the compositional 
heterogeneity likely to be present in g-CNxHy compounds which show limited long-range 
order. In principle, near-field Raman or IR spectroscopic methods can provide spatial 
resolutions in the tens of nanometer range but these approaches are not easily applied to 
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the irregular-shaped aggregates that characterize the g-CNxHy morphology (Shi et al., 
2017). Transmission electron microscopy (TEM) is therefore a powerful approach for 
characterizing the structure and chemistry of high surface area nanomaterials with spatial 
resolution at or close to the atomic level. Recently, new developments in electron 
monochromators have made vibrational EELS available on aberration-corrected STEMs, 
allowing a sub-nanometer probe to maintain a narrow energy spread suitable for detecting 
energy-losses as low as 50 meV (Ondrej L Krivanek et al., 2014). Rapid instrumentation 
advances continue to improve the energy resolution of this technique resulting in greater 
sensitivity and the ability to probe even lower energy-loss regimes (Hachtel et al., 2018). 
This new form of vibrational spectroscopy is ideal for investigating the variation in 
hydrogen content in carbon nitrides with irregular particle shape and morphology. 
However, detecting and visualizing the location of hydrogen in polymeric carbon nitrides 
in the electron microscope presents significant challenges due to the ease with which 
hydrogen may be removed with the high-energy electron beam (R.F. Egerton, 2008a). 
Hydrogen removal may occur either by a knock-on or ionization process (or a combination 
of both) and may occur rapidly under even moderate electron irradiation (R. F. Egerton, 
2012). 
It is possible to dramatically reduce radiation damage by acquiring the vibrational 
spectrum in the so-called aloof-beam geometry where the electron beam is positioned 
typically 5-10 nm outside the sample (R. F. Egerton, 2015). Due to the long-range 
electromagnetic field associated with the fast, incident electron beam, vibrational 
excitations within the material can be excited even when the beam is positioned several 
nanometers away from the specimen (R. F. Egerton, 2015; Howie & Milne, 1985). The 
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aloof-beam approach has found applications in sensing of surface adsorbates and bandgap 
states, characterizing polymers/biological matter, mapping of surface-localized phonons, 
and local temperature measurement (Crozier, 2017; Crozier, Aoki, & Liu, 2016; Idrobo et 
al., 2018; Lagos, Trügler, Hohenester, & Batson, 2017; Qianlang Liu et al., 2017; Rez et 
al., 2016). Since the electron beam does not pass through the sample, knock-on damage is 
completely stopped and radiolysis is significantly reduced while maintaining nanometer 
spatial resolution (R. F. Egerton, 2015). For polymeric, hydrogen/halide-containing 
compounds such as g-CNxHy and PTI/LiCl, an aloof-beam approach should allow local 
vibrational spectra to be obtained while minimizing radiation damage to provide insight 
into variations in hydrogen content. 
Here, we apply aloof-beam vibrational EELS to two carbon nitrides expected to 
contain a high and low degree of hydrogen heterogeneity, respectively: g-CNxHy and 
PTI/LiCl. TEM imaging and core-loss EELS are first applied to highlight and understand 
the nature of radiation damage in both materials. Interpretation of aloof-beam vibrational 
EELS is aided by comparison to photon-based vibrational spectroscopies including IR 
absorption and Raman scattering. The analysis shows differences in the hydrogen content 
of the two materials and significant nanoscale variations in the hydrogen content of g-
CNxHy.  
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3.2 Experimental 
 Synthesis 
Graphitic carbon nitride (g-CNxHy) was obtained from Carbodeon Ltd. under the 
product name “Nicanite” and used as received. PTI/LiCl nanoparticles were produced via 
ionothermal synthesis (for a detailed description refer to Section 2.1.1).  
 XRD 
Powder X-ray diffraction (XRD) was collected on a Bruker D-5000 with Cu Kα 
source (0.1540562 nm). Each XRD pattern was collected from 2θ = 10-60° with a step size 
= 0.05° and step time = 2 s. The instrumental broadening was measured using a quartz 
standard sample for subsequent Scherrer analysis. 
 TEM Imaging  
Low fluence rate HR-TEM was performed at 300 kV on an image-corrected FEI 
Titan with a Gatan K2-IS direct electron detector installed. Images were collected in 
counted-mode using “dose fractionation”, which allows a single image exposure to be 
broken into several frames so that drift can subsequently be removed thus rendering a high 
signal-to-noise summed image. For the higher fluence rate imaging, a JEOL 2010-F TEM 
was operated at 200 kV using fluence rates around ~150-200 e/Å2/s; images were recorded 
on a Gatan Orius CCD detector. 
 FT-IR and FT-Raman Spectroscopy  
FT-IR and FT-Raman were collected on a Bruker IFS 66v/S, which operates under 
<5 mbar environment. For FT-IR measurements, a small amount of sample was placed in 
the center of a diamond-based attenuated total reflectance (diamond-ATR) module; a 
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Globar source was used with a KBr beamsplitter and a DLATGS detector. FT-Raman 
employed a 1064 nm laser source, CaF2 beamsplitter, and a Ge detector. 
 STEM-EELS 
All EELS data was collected on a Nion UltraSTEM-100 operating at 60 kV. For 
core-loss EELS, a 30 mrad convergence angle was used and the spectrometer entrance 
aperture was set to 45 mrad; the dispersion of the spectrometer was set to 0.2 eV/channel. 
Core-loss spectra were collected for 3 seconds (6 frames averaged over 0.5-exposure 
times). The probe current during core-loss was ~100 pA and the beam was rastered over 
an area equal to (100 nm) x (120 nm) yielding a fluence rate of 520 e-/Å2/s. Vibrational 
EELS experiments utilized a convergence and collection angle of 12 and 15 mrad, 
respectively, with the spectrometer dispersion set to 2 meV/channel. The beam was 
monochromated for the low-loss EELS measurements giving a probe current of ~9 pA and 
energy resolutions of 16-25 meV, depending on the dispersion. The spectral integration 
time for the aloof-beam EELS was 20 seconds to give a high signal to noise ratio. 
 TEM Sample Preparation 
A well-dispersed suspension of g-CNxHy and PTI/LiCl powder were generated by 
sonicating the powders, separately, in DI water for 40 minutes. Lacey-carbon over 200-
mesh copper support grids were then immersed in the suspension and allowed to air dry 
and repeated five times to promote high coverage on the grid. Before inserting into the 
microscope for EELS analysis, the loaded TEM grids were baked under vacuum overnight 
at 120°C. 
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3.3 Results and Discussion 
 Structure and Morphology 
Both layered carbon nitrides possess quite different structure and morphology. 
Figure 3.1 shows the powder XRD patterns of as-received g-CNxHy and as-synthesized 
PTI/LiCl accompanied by simulated Bragg diffraction peaks based on their respective bulk 
structure models (Fina et al., 2015; Bettina V. Lotsch et al., 2007; Wirnhier et al., 2011). 
The major peak found 2θ = 27.7° for g-CNxHy (Figure 3.1a) is indexed as the (002) 
reflection which describes an interplanar spacing of 3.2 Å. A weaker, asymmetric peak at 
12.8° is consistent with the in-plane repeat distance of 6.9 Å associated with (210) and (2-
10) planes. The high-angle spreading of these low-angle peaks is attributed to in-plane 
structural disordering or layer stacking disorder that originates from residual hydrogen in 
the structure (Bettina V. Lotsch et al., 2007). On the other hand, PTI/LiCl’s XRD pattern 
(Figure 3.1b) presents several peaks, attributed to its crystalline structure stabilized during 
ionothermal synthesis. Similarly, the most intense peak at 26.5° indicates a layered 
structure with a slightly larger interplanar separation distance of 3.4 Å due to Cl- 
intercalation while the well-defined (hk0)-peaks signify long-range order within the 
extended layers of the crystallites. The positions of all Bragg peaks in Figure 3.1b 
compared to the simulated profile points to successful synthesis of PTI/LiCl. By applying 
the Scherrer equation to the (100), (2-10), and (3-10) peaks of PTI/LiCl’s XRD pattern, an 
average crystallite size of 28 nm was calculated (Fultz & Howe, 2008).  
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Figure 3.1 Powder XRD patterns and simulated Bragg diffraction peaks for (a) g-CNxHy 
and (b) PTI/LiCl. Insets display the basal plane of the unit cell for each structure model 
used to generate the simulated XRD patterns (N = blue, C = black, H = pink, Cl = green, 
Li = orange). 
TEM imaging further illustrates differences in local structure and morphology. 
Viewed at low magnification (Figure 3.2a), irregular sheet-like aggregates characterize g-
CNxHy. In contrast, crystallites approximately 20-35 nm in size (Figure 3.2b) represent the 
PTI/LiCl powder, which agrees with Scherrer analysis. To obtain high-resolution TEM 
(HR-TEM) images from these materials, limiting the electron fluence rate was required to 
prevent the carbon nitrides from undergoing severe structural degradation. This was 
achieved through the use of a direct electron detector installed on an aberration-corrected 
TEM, enabling much lower fluence rates than a conventional CCD detector. Figure 3.3 
contains HR-TEM images taken at fluence rates under 50 e-/Å2/s of g-CNxHy and PTI/LiCl 
as well as the corresponding image Fourier transforms (FTs). Figure 3.3a-b are of g-CNxHy 
viewed parallel and perpendicular to its graphitic layers, respectively. From the 
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corresponding FTs in Figure 3.3d-e, an interplanar spacing of ~3.1 Å and (210) reflection 
at ~6.7 Å are measured, confirming significant structural damage has been avoided. The 
HR-TEM image of the in-plane structure of g-CNxHy also provides insight into the nature 
of structural disordering. Within the (30 nm) x (30 nm) region imaged, limited long-range 
order and no obvious single-crystalline domains are observed in the image while the 
corresponding FT presents several discontinuous rings, both of which suggest structural 
disordering on nanometer length scales. In Figure 3.3c, a single PTI/LiCl crystallite 
possessing the expected hexagonal in-plane symmetry is imaged. The set of (100) 
reflections, measured at 7.3 Å, are present in the corresponding FT (Figure 3.3f) with 
structural information intact out to 1 Å. Both carbon nitrides were also imaged at higher 
electron fluence rates around 150-200 e-/Å2/s on a non-aberration-corrected TEM equipped 
with a CCD detector (Figure 3.4). Under such conditions, g-CNxHy was rendered 
amorphous whereas PTI/LiCl maintained its structure barely long enough to acquire an 
image which can be seen by the structural disordering about the surface of the crystallite. 
 
Figure 3.2 Low magnification TEM images of (a) a g-CNxHy aggregate and (b) a cluster 
of PTI/LiCl nanoparticles.  
 135 
 
 
Figure 3.3 High-resolution, low fluence rate TEM images of g-CNxHy showing (a) several 
graphitic layers edge-on (fluence rate = 42 e-/Å2/s) and (b) a disordered in-plane structure 
(20 e-/Å2/s). In contrast, (c) a PTI/LiCl crystallite viewed down the [001] zone axis exhibits 
hexagonal symmetry and increased long-range order (7 e-/Å2/s). The corresponding Fourier 
transforms for (a)-(c) are arranged below in (d)-(f) with intense features and corresponding 
measured d-spacings annotated. 
 
Figure 3.4 HR-TEM images of (a) g-CNxHy (fluence rate = 150 e
-/Å2/s) and (b) PTI/LiCl 
(200 e-/Å2/s) taken at 200 kV. 
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 Understanding Radiation Damage 
For radiation sensitive materials like layered carbon nitrides, it is important to 
characterize the effects of the electron beam so that this can be included in the interpretation 
of the experimental images and spectra. The structural changes observed under the higher 
fluence rate TEM imaging conditions (Figure 3.4) are likely accompanied by changes in 
bonding/composition, which could complicate the interpretation of vibrational EELS data. 
To better understand the effect of radiation damage in these materials, changes in the core-
loss EELS were monitored as a function of accumulated electron dose at 60 kV (the same 
accelerating voltage used for vibrational EELS acquisition). As such, the core-loss signal 
was collected as a function of accumulated electron dose from each sample while a 100-
pA convergent electron probe was rastered over an area of (100 nm) x (120 nm) giving an 
average fluence rate of 520 e-/Å2/s. It should first be noted that no evidence for plural 
scattering was observed, which would alter the shape of the energy-loss spectra and make 
subsequent fine-structure interpretation difficult. To confirm this, valence EELS 
measurements were made revealing a π-plasmon peak at ~5 eV in both g-CNxHy and 
PTI/LiCl (Figure A1, Appendix B). Since no “double-scattering” peaks were observed ~5 
eV beyond the core-loss edge onsets (Figure A2), it is concluded that the thickness of the 
samples must be less than one mean free path (R.F. Egerton, 2008a).  
Figure 3.5a plots the evolution in the background-subtracted C-K edge of a g-
CNxHy flake as the accumulated electron dose approaches 1.7x10
5 e-/Å2 (see Figure A2a-b 
for all core-loss EELS data). In addition to broadening of features in the C-K edge, the 
1s→π* peak, at 288 eV, forms a shoulder at ~287 eV while the original peak continually 
diminishes in intensity. The same behavior was observed for PTI/LiCl. Based on near-edge 
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X-ray absorption fine structure (NEXAFS) of C/N-containing reference compounds, it is 
found that the C 1s→π* peak for C in C=C bonds is shifted ~1 eV lower in energy relative 
to the same excitation in C=N bonds (Latham, Simone, Dose, Allen, & Donne, 2017). Thus, 
the 1s→π* peak shift observed in both layered carbon nitrides’ energy-loss spectra is likely 
due to the formation of C=C bonds, accompanied by a loss of C=N bonds, which is also 
consistent with the continually diminishing N-K edge intensity. Similarly, peak shifts in 
the C-K edge of EELS from other C/N-containing compounds have also been linked to 
nitrogen loss (Moreau et al., 2006; Trasobares et al., 2002). Besides changes in bonding, 
significant mass loss occurs evidenced by an initially rapidly decreasing core-loss signal 
which eventually tapers off. This effect is visually present in the post-measurement high 
angle annular dark field (HAADF) STEM images taken after these prolonged electron 
beam scanning experiments (Figure A2c-d). The smoothing of features observed in both 
g-CNxHy and PTI/LiCl’s C-K edge highlights how these materials suffer loss of short range 
order resulting from changes in bonding and mass loss caused by electron beam induced 
radiation damage (R F Egerton, Lazar, & Libera, 2012; Moreau et al., 2006; Roy, McCann, 
Papakonstantinou, Maguire, & McLaughlin, 2005).  
From each periodically-acquired core-loss spectrum, the relative composition given 
by the N/C ratio was monitored and is plotted against the accumulated electron dose in 
Figure 3.5b (see Appendix B for discussion of N/C ratio calculation). Under these high 
fluence rate conditions, a similar decreasing behavior in the N/C ratio is captured for both 
g-CNxHy and PTI/LiCl. Initially, the N/C ratios for g-CNxHy and PTI/LiCl are 1.2 ± 0.06 
and 1.1 ± 0.06, respectively, and continue to decrease to ~0.7 ± 0.04 until apparently 
levelling off. In other reports, the N/C ratio of as-synthesized g-CNxHy can range from 1.5-
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1.7 (Jorge et al., 2013). For PTI/LiCl, with empirical formula (C3N3)2(NHxLi1-x)3•LiCl, the 
N/C ratio should be 1.5 (Wirnhier et al., 2011). Therefore, even the initial N/C ratio 
measured from core-loss EELS, representing an accumulated dose of ~2000 e-/Å2, suggests 
that compositional change has already taken place. This is not surprising since the HR-
TEM imaging shows structural damage occurring at accumulated doses as low as ~150 e-
/Å2 at 200 kV (Figure 3.4). More importantly, this shows how a preferential loss of nitrogen 
takes place in these materials because of high-energy electron irradiation. In these layered 
carbon nitrides, nitrogen resides in heterocyclic heptazine/triazine motifs, containing 
stronger delocalized π-bonds, and in weaker, bringing/terminating N-Hx groups; the latter 
being more susceptible to bond breakage through radiolysis or knock-on impacts from the 
high-energy electron beam (R. F. Egerton, 2012). It is hypothesized that the decrease in the 
N/C ratio is a result of N-Hx bond breakage and subsequent loss of these atoms from the 
structure. Therefore, to probe heterogeneity in hydrogen content (through the presence of 
amine groups), careful consideration to limit the effect of radiation damage must take place.  
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Figure 3.5 (a) Changes in the C-K edge of g-CNxHy with accumulated electron dose 
(fluence rate = 520 e-/Å2/s). All spectra have been background subtracted. (b) Decrease in 
the N/C ratio with accumulated electron dose in both g-CNxHy and PTI/LiCl, as calculated 
from periodically acquired core-loss spectra. 
 Aloof-Beam Vibrational EELS 
Aloof-beam vibrational EELS is an approach for locally probing bonding in a 
material with a small, focused electron beam which dramatically reduces radiation damage. 
A simplified aloof-beam geometry is depicted in the inset of Figure 3.6 wherein the 
electron probe is typically positioned several nanometers outside the sample. This distance, 
b, is often referred to as the “impact parameter”. The long-range character for the Coulomb 
field associated with the fast electron still leads to energy transfers taking place giving an 
energy-loss spectrum which contains localized information about the sample. 
Advantageously, knock-on mechanisms are completely shut off because they require the 
electron beam to be incident on the specimen (R. F. Egerton, 2015).  
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For a fast electron passing parallel to an infinite slab of material, the b-dependence 
of the resulting energy-loss signal, I(E,b), can be described by 𝐼(𝐸, 𝑏) ∝ 𝐾0(
4𝜋𝐸𝑏
ℎ𝜐
), where 
K0 is a modified zero-order Bessel function of the second kind, E is energy-loss, h is 
Planck’s constant, and υ is the velocity of the incident electrons (which depends on the 
accelerating voltage) (Howie & Milne, 1985). Recent work on guanine flakes, thin Si/SiO2 
interfaces, and Ca(OH)2 nanoparticles confirm that the observed energy-loss signal spatial 
dependency agrees well with this infinite-slab approximation (Crozier et al., 2016; Ondrej 
L Krivanek et al., 2014; Rez et al., 2016; Venkatraman et al., 2017). The spatial resolution 
of aloof-beam EELS, defined by an area within the specimen adjacent to the e--beam where 
50% of the energy-loss signal originates from, also depends on the impact parameter and 
is approximately equal to bmaxb, where 𝑏𝑚𝑎𝑥(𝐸) = 𝛾ℎ𝜐 2𝜋𝐸⁄  (R. F. Egerton, 2015; Ray F 
Egerton, 2018). For vibrational-losses and an accelerating voltage of 60 kV, as used here, 
bmax is on the order of 100’s nm. Several energy-loss signals, according to a normalized K0 
function for 60-keV electrons, are plotted against the impact parameter, b, in Figure 3.6. 
Energy-losses corresponding to VB-to-CB transitions in g-CNxHy at 2.7 eV and the π-
plasmon at ~5 eV (see Figure A1 for EELS measurements of bandgap and plasmon 
energies in both materials), which could potentially contribute to radiolytic damage, can 
be greatly suppressed relative to vibrational excitations (i.e., 160-400 meV) even at impact 
parameters less than 10 nm (R. F. Egerton, 2013; R F Egerton et al., 2012).  
Spatial resolution in the aloof-beam configuration is significantly better than what 
can be achieved in current photon-based spectrometers. To illustrate the vast improvement 
in spatial resolution for this technique, Figure 3.6 also shows how bmaxb (for an energy-loss 
signal at 400 meV) varies with impact parameter, relative to a typical “spot size” for an 
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FT-IR spectrometer, about (1-μm)2. Even for large impact parameters (e.g., 30-40 nm), 
aloof-beam vibrational EELS is capable of probing regions under 1% of what can be 
achieved through typical vibrational spectroscopies. This shows that aloof-beam EELS is 
a powerful approach for performing nanometer resolution vibrational analysis with 
minimal electron beam damage.  
 
Figure 3.6 Dependence of the normalized aloof-beam EELS intensity (black curves) for 
several energy-losses relevant to g-CNxHy and corresponding spatial resolution (purple 
curve), relative to a (1-um)2 spot size, with impact parameter. Inset: Simplified schematic 
of the aloof-beam geometry with a 60-kV incident electron beam. 
Figure 3.7a-b shows a typical set of aloof-beam vibrational energy-loss spectra 
(taken with impact parameters between 3-9 nm) from the g-CNxHy and PTI/LiCl 
specimens, respectively, acquired on an aberration-corrected STEM operating at 60 kV 
using a 9-pA probe current. The impact parameter for each spectrum was measured from 
the corresponding monochromated HAADF-STEM images taken prior to spectral 
collection. To limit radiation damage, the corresponding HAADF-STEM images were 
taken over a wide field-of-view (i.e., large pixel size) yielding an average accumulated 
dose of ~5-25 e-/Å2 used to form the pre-spectrum images. All vibrational energy-loss 
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spectra collected from both carbon nitrides contain two features: an intense peak centered 
around 160-170 meV and a weaker peak at ~400 meV. For g-CNxHy, the intense signal at 
160 meV appears to be two peaks that are not completely resolved, making it easily 
distinguishable from PTI/LiCl. Similar to the core-loss EELS data, no plural scattering was 
observed. This is expected since the scattering cross sections for phonons are on the order 
of inner shell ionizations meaning that the mean free path is very large (Rez, 2014). 
Heterogeneity in the vibrational-loss signal is observed in both materials, characterized by 
the presence of a weak peak at 265 meV (spectra 2a and 4b) and variation in the 160 to 400 
meV apparent peak intensity ratio. Moreover, this peak at 265 meV also correlates with a 
reversal of the relative intensities of the peaks at ~148 and ~165 meV in g-CNxHy.  
 
Figure 3.7 Several aloof-beam vibrational energy-loss spectra from (a) g-CNxHy and (b) 
PTI/LiCl taken from different regions of each specimen. All spectra were taken with impact 
parameters between 3-9 nm (see Table A2 for a list of impact parameters of each spectrum). 
Insets plot the energy-losses from 200-500 meV with the vertical axis expanded to show 
detail. 
Interpretation of the spectral features in the vibrational EELS was deduced by 
comparison to photon-excited vibrational spectra. Both the background-subtracted FT-IR 
absorption and FT-Raman scattering spectra of g-CNxHy are displayed in Figure 3.8. 
PTI/LiCl presents a similar FT-IR absorption spectrum to that of g-CNxHy and is included 
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in Figure A3 along with the as-acquired FT-IR and FT-Raman spectra from g-CNxHy. For 
Raman scattering measurements, an excitation wavelength of 1064 nm was selected to 
avoid fluorescence resulting from visible-light excitation in g-CNxHy (T. S. Miller et al., 
2017). The FT-IR spectra from both layered carbon nitrides exhibits a sharp peak around 
800 cm-1 and multiple strong absorption bands between 1000-1700 cm-1 indicating C-N 
ring structures such as triazine or heptazine (Jorge et al., 2013; Lambert et al., 1998; Bettina 
V. Lotsch et al., 2007). At 3000-3300 cm-1 is a wide band originating from amine (N-Hx) 
stretching modes, which are associated with the triazine/heptazine bridging and 
terminating sites (Jorge et al., 2013; Bettina V. Lotsch et al., 2007; T. S. Miller et al., 2017; 
Wirnhier et al., 2011). The following differences in the FT-IR spectra empirically 
distinguish g-CNxHy from PTI/LiCl: (i) the absence of a weak absorption band at 2200 cm
-
1 (~265 meV), attributed to double and/or triple bonded C-N groups, (ii) more absorption 
bands between 1200-1600 cm-1 (~140-200 meV), and (iii) a stronger amine band centered 
around 3250 cm-1 (~400 meV).  
The Raman scattering spectrum of g-CNxHy displays similar peak positions to the 
corresponding FT-IR spectrum in the 500-1600 cm-1 range but with different relative 
intensities and positions. However, the origin of such peaks are due to in-plane C-N 
stretching modes that are analogous to the “G” and “D” bands present in Raman scattering 
spectra from graphites and layered carbon/nitrogen containing compounds (Jorge et al., 
2013; McMillan et al., 2009; T. S. Miller et al., 2017). The very weak features appearing 
at 2420 and 3000-3300 cm-1 are 2nd-order scattering of the D/G-bands (Jorge et al., 2013; 
T. S. Miller et al., 2017). Raman scattering spectra taken from g-CNxHy synthesized from 
mixtures of DCDA and melamine do not show the strong peaks at ~700 and 1200 cm-1 that 
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are observed here, which may be due to the difference in excitation wavelength (i.e., 325 
nm) (Jorge et al., 2013). As noted by McMillan et al., complex mechanisms including 
electron-phonon coupling, resonance enhancement of select vibrational modes associated 
with a small fraction of the material, and structural disorder will affect the Raman scattering 
spectral shape generated from UV vs. IR irradiation (McMillan et al., 2009). Detailed peak 
assignments in terms of wavenumber and energy for both FT-IR and FT-Raman spectra 
are summarized in Table 3.1. 
 
Figure 3.8 Comparison between aloof-beam vibrational EELS (spectra 4a) and bulk 
vibrational spectra (FT-IR absorption and FT-Raman scattering using an excitation 
wavelength of 1064 nm) corresponding to g-CNxHy. Broadened IR absorption and Raman 
scattering spectra, giving the same energy resolution as in EELS, are overlaid on the 
original FT-IR absorption and FT-Raman scattering spectra. All spectra have been 
background subtracted and are vertically offset for clarity. 
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Table 3.1 Vibrational modes of g-CNxHy and PTI/LiCl based on FT-IR absorption and FT-
Raman scattering spectroscopy. 
Wavenumber (cm-1) Energy (meV) Description 
FT-IR absorption 
800-810 100 Out-of-plane bending for C-N rings 
1200-1400 140-170 C-NH-C, as in melam and heptazine 
molecules 
1200-1600 140-198 C-N ring stretch/bend 
2200 265 -N=C=N- antisymmetric stretch or C≡N 
stretch (PTI/LiCl only) 
3000-3300 372-409 N-H/N-H2 stretching 
FT-Raman scattering (1064-nm excitation wavelength) 
500-1600 60-200 C-N stretching; similar to “G” and “D” 
band modes of graphite or layered C,N 
compounds 
2420, 3000-3300 300, 370-410 2nd-order scattering 
To further facilitate spectral interpretation, the background-subtracted FT-IR and 
Raman spectra from g-CNxHy were convolved with a broadening function to yield the same 
energy resolution as EELS. Instrumental energy resolution of an EELS spectrometer is 
defined by the full-width at half-maximum (FWHM) of the zero-loss peak (ZLP) (R.F. 
Egerton, 2008a). Experimentally, energy resolution can be calculated by recording an 
energy-loss spectrum in the vacuum, sufficiently far away from the specimen and TEM 
grid materials, and measuring the FWHM of the resulting ZLP. Here, an energy resolution 
of 16 meV was achieved. Although the ZLP tends to be slightly asymmetric, a reasonable 
fit can be made using either Gaussian or Lorentzian functions of FWHM equal to the 
experimental energy resolution (Rafferty, Pennycook, & Brown, 2000). Taking this into 
account, a Lorentzian function of FWHM=16 meV served as the broadening function. A 
pure Lorentzian function was selected to accentuate the effect that the ZLP tail can have 
on the broadened FT-IR and Raman spectra. Figure 3.8 also includes the broadened, 
background-subtracted bulk vibrational spectra to the background-subtracted vibrational 
 146 
 
EELS for g-CNxHy (spectra 4a). After convolution, the broadened FT-IR absorption 
spectrum resembles the line shape of the energy-loss spectra quite well with notable 
differences in the relative 400-meV to 160-meV peak intensity ratio (~0.50 and ~0.10 for 
FT-IR and EELS, respectively). This discrepancy is partially affected by the relative 
attenuation of higher energy-loss signals caused by the aloof-beam geometry as shown in 
Figure 3.6. For spectra 4a, taken with an impact parameter of 9 ± 1 nm, attenuation in the 
400-meV peak relative to the 160-meV peak is ~18% (Figure A4) meaning that the “true” 
peak intensity ratio for spectra 4a is closer to ~0.12. However, it is not expected that peak 
intensity ratios should be equivalent between EELS and FT-IR spectroscopy because 
different mechanisms (i.e., inelastic scattering of fast electrons and photon absorption) 
generate each type of signal. It is likely that the Raman scattering spectra obtained from 
UV excitation sources would each have a different distribution of peak intensities in the 
D/G-band region yielding a different line shape. Thus, a more complete comparison would 
include the convolved Raman spectra for multiple excitation wavelengths. In any case, the 
400-meV peak that becomes enhanced upon broadening is actually due to 2nd-order 
scattering, therefore peaks due to N-Hx vibrations are absent in the FT-Raman scattering 
spectrum from g-CNxHy. For these reasons, the vibrational EELS features were assigned 
according to the FT-IR absorption data. 
By assimilating the photon- and electron-based vibrational spectroscopies, the 
origin of peaks in the vibrational energy-loss spectra can now be understood. Two major 
peaks common throughout all vibrational energy-loss spectra are assigned to C-N ring and 
N-Hx vibrational excitations at 160 and 400 meV, respectively. The very weak peak at 265 
meV, present in spectrum 2a and 4b, most likely represent C≡N groups, defects that would 
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originate from uncondensed precursor such as in cyanimide or dicyandiamide (Kouvetakis, 
Bandari, Todd, Wilkens, & Cave, 1994; P. Wu et al., 2014a). 
 Heterogeneity in the Aloof-Beam Vibrational EELS 
Variation in the “N-H” (400 meV) to “C-N” (160 meV) apparent peak intensity 
ratio was also observed for both samples, which could suggest nanoscale heterogeneity in 
the distribution of amine content arising from structural disorder. For each set of aloof-
beam vibrational energy-loss spectra, IN-H/IC-N integrated peak intensity ratios were 
calculated from background subtracted spectra by correcting for the relative attenuation in 
the N-Hx peak caused by the aloof-beam geometry (see Figure A4-Figure A5 and 
accompanying discussion in Appendix B). A comparison between the variation in the IN-
H/IC-N signal for g-CNxHy and PTI/LiCl based on vibrational EELS is shown in Figure 3.9a. 
In g-CNxHy, IN-H/IC-N values range from 5.4-7.5x10
-2 with a standard deviation of ~10%. In 
PTI/LiCl the range in IN-H/IC-N values is narrower at 1.5-2.8x10
-2 while the standard 
deviation is higher at 21%. There was not a significant correlation between IN-H/IC-N and 
impact parameter for both samples suggesting that radiation damage is minimal (see Figure 
A6 and further discussion in Appendix B). The relative error in each IN-H/IC-N value for g-
CNxHy is only ~1% and for PTI/LiCl this error ranges from ~2-4% (see Appendix B for 
complete derivation of error). Given this relatively large spread in IN-H/IC-N compared to 
experimental error, wherein the range of IN-H/IC-N values is expectedly greater in g-CNxHy, 
we conclude that these measurements indicate compositional heterogeneity in both carbon 
nitrides within length scales of around 30-50 nm.  
The utility of the technique for analyzing heterogeneity in a disordered material 
such as g-CNxHy is illustrated in Figure 3.9b-c where two unique vibrational spectra are 
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obtained from seemingly indistinguishable regions of the sample according to the low dose 
HAADF-STEM images. Figure 3.9b shows a vibrational spectrum from a region in which 
IN-H/IC-N=6.5x10
-2, cyano defects are present as evidenced by the small peak at 265 meV, 
and the reversal of peaks at 150 and 165 meV suggests a local change in the C-N ring 
electronic structure. However, in a different region (Figure 3.9c) the IN-H/IC-N ratio is 17% 
less at 5.4x10-2 while the relative intensity of the two peaks within the C-N ring peak 
between 100-200 meV are noticeably different. When applied to PTI/LiCl, the vibrational 
EELS from a thin cluster of particles (Figure 3.9d) yields a noisy spectrum with a barely 
distinguishable N-Hx peak. In a much thicker region (Figure 3.9e), the signal from both C-
N ring and N-Hx peaks are about 2-3x stronger with a corresponding presence of a small 
C≡N peak at 265 meV, all of which are present in the bulk as shown by FT-IR spectroscopy 
(Figure A3a). 
Using the STEM-HAADF images associated with each spectrum (shown in the 
insets of Figure 3.9b-e), the spatial resolution, bmaxb, of the N-Hx signal can be 
approximately visualized by a green box adjacent to the e- beam position, indicated by a 
yellow star (R. F. Egerton, 2015; Ray F Egerton, 2018). From here, the relative probed 
volume contributing to each spectrum was compared (see Table A2 and related discussion 
in Appendix B). For PTI/LiCl, the uniform increase in vibrational energy-loss signal 
intensity (Figure 3.9d-e) is confirmed to result from an increase in local thickness. 
Interestingly, the different vibrational energy-loss spectra for g-CNxHy originate from 
similar volumes meaning that the different spectral shapes, IN-H/IC-N ratios, and the extra 
265 meV peak in Figure 3.9b are indeed due to the different local bonding environments. 
In fact, all of the vibrational energy-loss spectra from g-CNxHy, shown in Figure 3.7a, come 
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from similarly sized volumes meaning there is consistent amine heterogeneity throughout 
the material.  
 
Figure 3.9 (a) Comparison of the range in IN-H/IC-N values, extracted from individual aloof-
beam vibrational energy-loss spectra from different regions, of g-CNxHy and PTI/LiCl. (b)-
(e) Direct comparison of aloof-beam vibrational EELS and corresponding HAADF-STEM 
images for g-CNxHy (b-c) and PTI/LiCl (d-e): (b) Spectrum 2a, b = 6.3 ± 0.8 nm; (c) 
spectrum 3a, b = 4.8 ± 0.8 nm; (d) spectrum 3b, b = 3.2 ± 0.4 nm; (e) spectrum 4b, b = 7.0 
± 0.4 nm. Insets in (b)-(e) depict the corresponding low dose HAADF-STEM images 
showing the aloof probe position marked by a yellow star and the spatial resolution 
approximated by a green box (R. F. Egerton, 2015; Ray F Egerton, 2018). All scale bars 
equal 50 nm. 
The ability to probe nanoscale variations in the hydrogen content represents a 
significant step forward in our characterization capability for these materials. The presence 
or absence of hydrogen is believed to play a significant role in the catalytically interesting 
properties of carbon nitrides. Adding metal nanoparticles or atomic clusters to the surface 
is an important modification in making photocatalytically active materials (Zupeng Chen 
et al., 2017; Xiaogang Li et al., 2016). Understanding the correlation between local defect 
content and metal nanoparticle location will provide critical information for determining 
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structure-function relationships. Such measurements now become feasible with aloof-
beam vibrational EELS.  
3.4 Summary 
An aloof-beam vibrational EELS approach was applied to disordered (g-CNxHy) 
and crystalline (PTI/LiCl) layered carbon nitrides to investigate nanoscale heterogeneity in 
amine (N-Hx) content. Comparison to photon-based spectroscopies suggests that the 
vibrational EELS is similar to IR absorption measurements meaning the latter can aid in 
interpretation of vibrational energy-loss spectra. However, the vibrational peak intensity 
ratios are notably different between FT-IR spectroscopy and vibrational EELS, supporting 
that, expectedly, distinct excitation mechanisms give rise to these different vibrational 
signals. In structurally disordered g-CNxHy, the N-Hx content, relative to C-N ring content, 
varies locally by as much as ~27%. Also in g-CNxHy, cyano (C≡N) groups are detected 
upon probing nanometric volumes which cannot be achieved with FT-IR spectroscopy 
meaning that locally cyano-rich regions exist as additional defects. PTI/LiCl crystallites 
are confirmed to possess a much lower relative amine defect concentration, about 30% of 
that in g-CNxHy according to vibrational EELS and correspondingly less spatial variation 
in amine content. The structural disorder in graphitic carbon nitrides, as revealed by low 
fluence rate HR-TEM imaging, appears to be associated with its higher hydrogen content 
and possibly the irregular distribution of amine defects, which would determine the spatial 
extent of polymeric chains within the g-CNxHy layers. By combing HR-TEM imaging with 
the vibrational EELS techniques, chemical information can be correlated with atomic 
resolution imaging to provide a complete description of the influence of local chemistry on 
structural disorder in layered carbon nitrides. In the context of (photo)catalysis, the aloof-
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beam configuration is ideal since it could probe amine and cyano defects localized near 
surfaces, where potential chemical reactions may occur. It may also be useful to apply this 
technique to g-CNxHy functionalized with metal nanoparticles to ascertain the relationship 
between support chemistry on cocatalyst dispersion/anchoring sites which determines the 
surface density of active sites. More generally, local variation in hydrogen content in 
specimens of irregular morphology can be probed with aloof-beam EELS while also 
minimizing radiation damage and maintaining spatial resolutions of around 10’s of 
nanometers.  
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 Elucidating Structural Disorder in Graphitic Carbon Nitrides using Low 
Fluence Rate Transmission Electron Microscopy 
Abstract 
Graphitic carbon nitrides (g-CNxHys) are an important class of materials for driving 
energy conversion processes such as photocatalysis and fuel cell reactions. Although these 
materials show great potential for energy applications, a poor understanding of structural 
disorder in this system impedes the ability to predict structure-property relationships and 
direct synthesis routes towards the most active forms. In this view, both the bulk and local 
in-plane structures need to be described for multiple states of polymer condensation. To 
this end, low fluence rate transmission electron microscopy (TEM) has been applied to 
explore the in-plane structures occurring in a set of differently condensed g-CNxHys. By 
extracting local Patterson functions over a large field of view, fluctuations in the nearest-
neighbor environment of the planar heptazine building blocks are revealed. This analysis 
points to a trend in the extent of planar structural ordering that is consistent with chain 
lengths of only two units up to 10’s of nanometers in length. The bulk hydrogen content of 
the g-CNxHys also suggests that shorter chains are associated with higher amine content (in 
which N-H2 defects terminate chains). Additionally, the 3D stacking sequence is 
investigated via X-ray diffraction and TEM which points toward turbostratic stacking 
disorder. With these insights, more accurate structure models of g-CNxHys may be 
constructed to predict (photo)catalytically relevant properties and accelerate the rational 
engineering of these materials. 
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4.1 Motivation 
As mentioned in Chapter 1, graphitic carbon nitride (g-CNxHy) is a promising 
candidate for driving energy conversion processes including photocatalytic H2 evolution 
and CO2 reduction, electrochemical oxygen reduction in fuel cells, as a catalyst support, 
and other emerging applications (Cao et al., 2015; Jian Liu et al., 2016; Lyth et al., 2009; 
Maeda, Sekizawa, & Ishitani, 2013; Vilé et al., 2015; Ye, Wang, Wu, & Yuan, 2015; Yao 
Zheng, Liu, Liang, Jaroniec, & Qiao, 2012; J. Zhu et al., 2014). These compounds can be 
produced through thermal polycondensation of various nitrogen-rich precursors such as 
melamine, dicyandiamide, or urea yielding powders of varying C/N/H stoichiometry, 
optoelectronic properties, surface area, and long-range order (Dong et al., 2013; Q. Han, 
Cheng, Wang, Zhang, & Qu, 2018; Jorge et al., 2013; Long et al., 2014; Martin et al., 2014; 
Yuan et al., 2015; G. Zhang et al., 2012; Yu Zheng et al., 2017). With such a wide 
parameter space for synthesis and the resulting properties, g-CNxHys may ideally be 
engineered for a range of applications. However, a limited understanding of structural 
disorder in these materials prevents both structure-function relationships from being 
obtained and the ability to predict relevant properties of differently condensed g-CNxHys. 
On average, the in-plane structure of g-CNxHy produced via thermal condensation 
resembles melon (C2N3H) (Bettina V. Lotsch et al., 2007). The planar structure of melon 
is composed of 1D chains of N-H bridged heptazine (C6N7) units terminated by N-H2 
groups (Bettina V. Lotsch et al., 2007; T. S. Miller et al., 2017). Hydrogen bonding 
between the polymer strands stabilizes them in close proximity wherein the chains assume 
a zig-zag conformation. Out-of-plane π-orbitals facilitate Van der Waals interactions to 
form the layered structure. The subtle structural differences occurring between differently 
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condensed g-CNxHys is not well understood, which is mainly due to the severe broadening 
observed in (hk0) reflections obtained from powder X-ray diffraction (XRD). This makes 
it difficult to resolve weak (hk0) reflections and unambiguously determine the origin of 
broadening (e.g., smaller domain sizes, turbostratic stacking, buckling, or planar defects).  
In 2007, a major milestone in the structural characterization of g-CNxHys was 
achieved through a combination of selected area electron diffraction and nuclear magnetic 
resonance spectroscopy, revealing the zig-zag chain model for melon (Bettina V. Lotsch et 
al., 2007). It was even noted that planar and/or turbostratic disorder was evident based on 
the asymmetric broadening of low-indexed (hk0) Bragg reflections but could not be further 
addressed by the techniques used therein (Bettina V. Lotsch et al., 2007). Several groups 
have also investigated the 3D structures of g-CNxHys, namely the layer stacking sequence, 
using bulk techniques including XRD and neutron diffraction (Fina et al., 2015; Tyborski 
et al., 2013). These have resulted in a variety of structures, including ABA arrangements 
characterized by lateral layer shifts and AAA stacking sequences created by contracting 
the γ unit cell angle (the angle between the basal plane vectors).  
The offset layer arrangements are generally regarded as favorable because they 
minimize the repulsive forces associated with the Van der Waals bonding between layers 
(Seyfarth et al., 2010). However, these energetic calculations typically rely on defect-free 
layers of melon or fully-condensed C3N4 layers which may not be accurate due to the high 
hydrogen content observed in real samples, suggesting the presence of shorter chains, 
oligomers, or other planar defects (Y. Chen, Wang, Lin, Zhang, & Wang, 2014; Bettina V. 
Lotsch et al., 2007; T. S. Miller et al., 2017; Thomas et al., 2008; H. Wang et al., 2018b). 
Very recently, direct evidence of chemical disorder in these materials was demonstrated 
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through vibrational electron energy-loss spectroscopy (EELS) in a scanning transmission 
electron microscope which showed significant variations in the local concentration of N-
Hx defects at different locations near the surface of a g-CNxHy flake (Haiber & Crozier, 
2018).  
To our knowledge, there are currently no studies regarding planar structural 
disorder at the nanoscale in these materials. For example, increasing the hydrogen content 
may result in shortened heptazine chains due to terminating N-H2 defects - how do these 
additional defects impact the in-plane structure? Bulk characterization techniques lack the 
spatial resolution to address this question. In order to accurately predict and fundamentally 
understand the varied properties of these materials, it seems extremely important to 
investigate the planar structural perturbations occurring in differently condensed g-CNxHys 
with high spatial resolution. 
Approaches for characterizing structural disorder in amorphous and polymeric 
materials mainly involve transmission electron microscopy (TEM) for its capability to 
extract detailed information from nanometer-sized volumes. A suite of techniques has been 
developed over the years including fluctuation electron microscopy (FEM) and scanning 
nanobeam diffraction (Bodapati, Treacy, Falk, Kieffer, & Keblinski, 2006; Bogle, Nittala, 
Twesten, Voyles, & Abelson, 2010; Gibson, Treacy, Sun, & Zaluzec, 2010; McBride, 
2003; P.M. Voyles & D.A. Muller, 2002; Panova et al., 2016; Treacy, Gibson, Fan, 
Paterson, & McNulty, 2005; Voyles P.M. et al., 2000). FEM is sensitive to medium range 
order (structural correlations on the order of 0.5 – 3 nm) in amorphous materials and can 
also be used to detect the presence of nanocrystallites embedded in an amorphous matrix 
(Treacy et al., 2005). One disadvantage of the techniques that depend on convergent probes 
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is radiation damage. In g-CNxHys, rapid nitrogen (and likely hydrogen) loss occurs under 
electron beams as measured by EELS (Haiber & Crozier, 2018; Moreau et al., 2006). Even 
at fluence rates as low as 150 e-/Å2/s at 200 kV, g-CNxHys can be rendered amorphous 
preventing any useful structural information from being obtained (Haiber & Crozier, 2018). 
Recently, technological advances have led to the development of direct electron detectors 
enabling high spatial resolution TEM to be performed at extremely low fluence rates down 
to 1 e-/Å2/s (Y. Zhu et al., 2017). For g-CNxHys, low fluence rate TEM is ideal because it 
allows the direct observation of the in-plane structure. 
Here, we image the in-plane structure of three differently condensed g-CNxHy 
powders using an aberration-corrected TEM coupled to a direct electron detector. The bulk 
structures are initially screened using XRD and compared to several melon structure 
models with different stacking sequences to guide TEM image interpretation. The Fourier 
transform (FT) of the large field-of-view (FOV) TEM images are analyzed for consistency 
with XRD and point to a clear evolution in structural disorder. Local Patterson functions 
are obtained by applying 2D autocorrelations to the TEM images. The real space 
information obtained from the autocorrelations are used to visualize the local nearest 
neighbor environment(s) of the planar building blocks, which reveal different aspects of 
the planar structures and stacking sequence. This work compliments previous work on the 
structural characterization of g-CNxHys and contributes to a multiple length scale 
interpretation of these stoichiometrically-diverse compounds. 
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4.2 Experimental 
 Synthesis 
Three g-CNxHys demonstrating different degrees of long-range order were selected 
for study. Nicanite, a commercial g-CNxHy obtained from Carbodeon Ltd., was used as 
received. The remaining two g-CNxHys were synthesized from urea (for details refer to 
Section 2.1.2). 
 Bulk Characterization 
Powder X-ray diffraction (XRD) was performed on a Siemens D-5000 Powder X-
ray Diffractometer with a Cu Kα incident X-ray source (λ = 0.1540560 nm). Each XRD 
pattern was collected from 2θ = 10-60° using a step size of 0.05° and collection time of 2 
seconds/step. Simulated powder XRD patterns were created using CrystalDiffract 
software. The C/N/H composition of the as-synthesized g-CNxHys were obtained by flash 
combustion elemental analysis using a PerkinElmer 2400 Series Elemental Analyzer.  
 TEM Imaging 
TEM imaging at low fluence rates (<70 e-/Å2/s) was performed on an aberration-
corrected FEI Titan operating at 300 keV equipped with a Gatan K2-IS direct electron 
detector. Each large FOV TEM image was produced through a “dose fractionation” 
technique wherein several short-exposure images are collected over a longer period of time. 
Subsequently, specimen drift is removed between each frame using DigitalMicrograph 
software and the corrected stack is summed to yield a high signal-to-noise image. Since 
low fluence rates produce very poor contrast in the live view of the specimens during TEM 
imaging, the fluence rates selected for image acquisition were determined by the stability 
of scattered intensities observed in the live Fourier transform (FT). In other words, the 
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fluence rates did not result in significant structural changes of the sample during image 
acquisition. All areas of each sample were imaged over the vacuum. Prior to TEM imaging, 
each powder was sonicated in deionized water to break up aggregates and drop cast onto a 
TEM grid composed of 200-mesh Cu grid with lacey C support film.   
 Image Analysis 
SingleCrystal software was used to simulate kinematical electron diffraction 
patterns for bulk melon. Image autocorrelations and FTs were computed using Gatan 
DigitalMicrograph software. CrystalMaker software was used to calculate heptazine-
heptazine nearest-neighbor distances for the melon single layer structure model. A 
combination of Matlab, ImageJ, and the “Cornell Spectrum Imager 4D” plugin for ImageJ 
were used to generate virtual dark field (VDF) images of each g-CNxHy. 
4.3 Results and Discussion 
 Bulk Structure and Composition 
Three differently condensed g-CNxHy powders were selected for structural 
investigation via TEM imaging. Firstly, the bulk structures were analyzed with XRD which 
is sensitive to periodic structures with domain/crystallite sizes larger than a few 
nanometers. The XRD patterns from each g-CNxHy powder are displayed in Figure 4.1a. 
A simulated XRD pattern corresponding to bulk melon with eclipsed stacking (i.e., no 
lateral offset between adjacent planes) and flat layers (i.e., no buckling) is also shown in 
Figure 4.1a, which was used to index the Bragg peaks in the experimental data. The 
theoretical structure, adapted from Fina et al.,  has  a space group of P1 and possess the 
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following unit cell parameters: a = 16.4 Å, b = 12.4 Å, c = 6.44 Å, α = β = γ = 90º (Fina et 
al., 2015).   
 At low scattering angles (Figure 4.1a), several broad (hk0) peaks are present owing 
to poor crystallinity within the extended layers for each g-CNxHy. The most prominent low-
angle reflection, located at 2θ ~ 12.8°, is associated with the (210) planes. As can be seen 
from Figure 4.1b, the (210) peak position essentially describes the separation distance 
between neighboring heptazine chains which is about 6.9 Å. Each XRD pattern also 
features a very intense (002) peak located around 2θ ~ 27-28º.  The interplanar spacings of 
each powder, based on the (002) peak center position (determined by Gaussian fit) are 
3.224 ± 0.006, 3.235 ± 0.006, and 3.263 ± 0.006 Å for Nicanite, U240-gCN, and U30-gCN, 
respectively. In contrast to the broad (hk0) reflections, the narrow shape of the (002) peak 
indicates a strong degree of periodicity perpendicular to the layers compared to the in-plane 
directions. Using the Scherrer equation, the (002) peak broadening can be used to estimate 
the average dimension of the crystallites/domains perpendicular to the layers which are 8.7, 
4.2, and 3.0 nm for Nicanite, U240-gCN, and U30-gCN, respectively (Holzwarth & Gibson, 
2011). These distances are equivalent to roughly 27, 13, and 9 layers for Nicanite, U240-
gCN, and U30-gCN, respectively, when considering the stacking distances of each 
compound. Overall, judging from the relatively narrow (hk0) and (002) peaks, Nicanite 
demonstrates exceptional long-range order compared to the urea-derived g-CNxHys (e.g., 
U240-gCN and U30-gCN) and those synthesized elsewhere (Dong et al., 2013; Jorge et al., 
2013; Jinghai Liu et al., 2011; Long et al., 2014; Martin et al., 2014; P. Wu, Wang, Zhao, 
Guo, & Osterloh, 2014b; Yuan et al., 2015; G. Zhang et al., 2012; Yu Zheng et al., 2017). 
U30-gCN exhibits decreased long-range order (e.g., broadened Bragg reflections) relative 
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to U240-gCN presumably due to its shorter synthesis time which mitigates the condensation 
process responsible for forming the polymeric chains. 
 
Figure 4.1 (a) XRD patterns of g-CNxHy powders and simulated Bragg peaks for melon 
with eclipsed stacking and flat layers (Fina et al., 2015; Bettina V. Lotsch et al., 2007). 
Each XRD pattern was normalized by the (210) peak intensity and vertically offset for 
clarity. (b) Multi unit cell, single layer structure model of melon with {210} planes denoted 
by parallel lines. 
Because Nicanite possesses the most well-defined bulk structure of the three 
samples, the potential 3D structures characterized by different stacking sequences may also 
be considered. To improve the signal-to-noise, an additional XRD pattern was generated 
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by scanning the Nicanite powder from 2θ values of 12.5 to 40º for 24 hours using a Co-Kα 
incident wavelength. Figure 4.2 shows the long-scan XRD pattern from Nicanite compared 
to the theoretical pattern for melon with eclipsed stacking and flat layers. This new XRD 
pattern reveals (hk0) peaks at smaller 2θ values than the theoretical peak positions. This 
cannot be simply reconciled by expanding the lattice parameters of the theoretical structure 
model as this would increase the molecular bond distances to non-physical values (Fina et 
al., 2015). Rather, this indicates the polymer chains are separated by a larger distance in 
Nicanite (6.945 ± 0.002 Å) than that in the theoretical structure (6.840 Å) (Fina et al., 
2015). Aside from this discrepancy, a qualitative match between the experimental 
reflections and theoretical pattern is evident.  
 
Figure 4.2 Long-scan XRD pattern for Nicanite compared to the theoretical Bragg peak 
positions for melon with eclipsed stacking and flat layers (Fina et al., 2015; Bettina V. 
Lotsch et al., 2007) (note the change in 2θ values compared to Figure 4.1 due to the 
different X-ray incident wavelength). The three vertical dashed lines indicate the 
reflections that become allowed when different forms of sinusoidal buckling are present 
within the layers (Tyborski et al., 2013). 
The possibility of eclipsed, flat layers in the bulk structure of Nicanite (and other 
g-CNxHys) seems unlikely due to the repulsive forces experienced by the out-of-plane π-
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orbitals (Bettina Valeska Lotsch, 2006; Seyfarth et al., 2010). Molecular dynamics 
calculations of fully condensed, heptazine-containing C3N4 structures point toward buckled 
and/or different layer stacking sequences as being the more energetically favored structures 
(Gracia & Kroll, 2009; Sehnert, Baerwinkel, & Senker, 2007). As shown by Tyborski et 
al., introducing sinusoidal buckling with an amplitude of 0.7 Å into the eclipsed layer 
arrangement results in additional Bragg peaks in the theoretical XRD patterns (Tyborski et 
al., 2013). Buckling parallel to the a-c plane results in the appearance of a (101) Bragg 
peak at 2θ = 32.89º (Figure 4.2) with about one-third the intensity of the (002) peak. As no 
peak or shoulder is readily observed on the right-hand side of the (002) peak in the 
experimental pattern of Nicanite (Figure 4.2), this specific type of layer buckling may be 
ruled out. Other buckling configurations such as that parallel to the b-c plane or along the 
a-b diagonal parallel to the c-direction produces (011) and (111) reflections at even higher 
2θ values. The absence of (011) and (111) peaks in the Nicanite long-scan XRD pattern 
(Figure 4.2) means that these two additional buckling configurations may be eliminated 
from potential structure refinements. It may be possible that some other type of layer 
buckling exists and is not easily detectable via powder XRD. Further analysis would be 
needed to clarify this. 
Additionally, several ABA and AAA layer stacking sequences for Nicanite were 
considered by comparing the experimental XRD pattern in Figure 4.2 to several simulated 
patterns. All ABA stacking sequences maintain the orthorhombic unit cell by shifting a 
second layer within the unit cell by some fractional vector, [a, b], where a and b are parallel 
to the long and short sides of the melon unit cell, respectively (Figure 4.1b). In total, five 
ABA stacking sequences were generated based on layer arrangements given by Fina et al. 
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and Seyfarth et al. (Fina et al., 2015; Seyfarth et al., 2010). The layer shift vector for the 
three ABA stacking sequences obtained from Fina et al. are: [12.4%, -24.4%], [7.2%, 
5.4%] and [0%, 10.9%] (Fina et al., 2015). From Seyfarth et al., two layer stacking 
sequences associated with minimum force field energies were selected and are described 
by the following shift vectors: [0%, 40%] and [22%, 5%] (Seyfarth et al., 2010). Another 
way to generate offset layers is by expanding the β angle or contracting the γ angle within 
the unit cell of the eclipsed melon structure to create AAA stacking sequences. Fina and 
Lotsch have independently explored the effect of expanding β from 90º up to 115º while 
Tyborski found evidence for a slightly smaller γ angle of 87º in some g-CNxHy samples 
(Fina et al., 2015; Bettina Valeska Lotsch, 2006; Tyborski et al., 2013). For completeness, 
the XRD patterns for AAA structures with β = 115º and γ = 87º are explored here as well.  
Figure A7 (Appendix C) compares the simulated XRD patterns for these different 
layer stacking sequences to that of the eclipsed arrangement. All patterns associated with 
ABA type structures have the same Bragg peak positions as that of the eclipsed structure 
but with different relative intensities. The AAA structure with β = 115º shows a significant 
shift in the 2θ values of (hk0) peaks to higher angles while that of γ = 87º shows a splitting 
of the (210)/(2-10) peak into separated (210) and (2-10) peaks. Each of these simulated 
XRD patterns are compared to the long-scan XRD pattern from Nicanite in Figure A8. 
From here, several stacking arrangements can be directly eliminated as representing the 
bulk Nicanite structure by comparing the Bragg peak positions and relative intensities to 
the experimental data.  
Because the AAA stacking sequence with β = 115º overestimates the (210) peak 
position significantly, with smaller angles of β having a less pronounced effect (not shown), 
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this type of 3D structure would be very unlikely. On the other hand, the peak splitting 
observed in the theoretical pattern for the AAA stacking sequence created by setting γ equal 
to 87º is not observed in the experimental pattern and therefore is also eliminated. In terms 
of the ABA stacking sequences, the shift vectors of [0%, 40%] and [22%, 5%] incorrectly 
predict the relative intensities of the (210) and (020) Bragg peaks, in addition to 
overestimating the relative intensity of the (211) peak (2θ = 21.995º) making them easy to 
eliminate. The ABA sequence with a shift vector of [12.4%, -24.4%] can also be eliminated 
because it predicts an absence of the (020) reflection, which is not observed experimentally. 
Both ABA stacking arrangements with shift vectors of [7.2%, 5.4%] and [0%, 10.9%] have 
a reasonable agreement with the relative intensities of the (210) and (020) Bragg peaks 
observed in the experimental data. However, both of these structures predict additional 
reflections indexed to (211) and/or (021) type planes at 2θ values around 22-23º with 
similar intensity as the (320) reflection (which is observed experimentally at 2θ ~ 25º). 
Thus, the absence of peaks in the Nicanite XRD data from Figure 4.2 with similar intensity 
to the (320) reflection at the expected 2θ values of 22-23º allows these two ABA stacking 
sequences to also be rejected.  
Overall, this shows that the bulk structure of Nicanite cannot be represented as a 
single phase with the offset layer stacking sequences considered herein. It may be possible 
that the bulk structure is a combination of several different stacking sequences, including 
the types considered here, that when added together give relative Bragg peak intensities 
consistent with that of the eclipsed layer arrangement (which, so far, best matches 
experiment). Another possibility is turbostratic stacking disorder, characterized by various 
azimuthal layer rotations (rather than shifts). A key signature of turbostratic stacking in 
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layered carbons are asymmetric (hk0) Bragg peaks wherein the peaks have a shoulder 
tending toward higher 2θ values (Fujimoto, 2003). Asymmetric (hk0) Bragg peaks can 
clearly be observed not only in Nicanite (Figure 4.2), but from all three g-CNxHys (Figure 
4.1). It should also be noted that any amorphous or minor crystalline phases that could exist 
in these samples will not be detected with powder XRD. These possibilities will be kept in 
mind when inspecting the high resolution TEM images of the in-plane structures from each 
g-CNxHy.  
Combustion elemental analysis was also performed on each g-CNxHy to compare 
the hydrogen content in each sample, a key indicator of the state of polymer condensation 
(Martin et al., 2014). The atomic percentages of C, N, and H in each sample are tabulated 
in Table A3 (Appendix C). These results show that U30-gCN contains the highest hydrogen 
content at 23.77 at%. Nicanite and U240-gCN contain less hydrogen at 17.90 and 15.79 at%, 
respectively. Compared to the ideal composition of melon, with a chemical formula of 
C2N3H giving 16.7 at% hydrogen, U240-gCN appears to be slightly thermally decomposed 
which may be a result of the longer calcination time used for synthesis. The reduced long-
range order in U30-gCN correlates with its significantly greater hydrogen content which 
most likely causes shorter polymer chains. However, the exact origin of structural 
differences between Nicanite and U240-gCN is unclear as they contain similar 
concentrations of hydrogen (17.90 and 15.79 at%, respectively) yet very different degrees 
of long-range order.  
 Low Fluence Rate Transmission Electron Microscopy 
Due to the spatial limitations of XRD and its ability to only detect periodically 
structured phases, TEM was used to directly image the in-plane structure of each g-CNxHy. 
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Previous TEM studies by the authors show that structural damage to g-CNxHys can occur 
at fluence rates as low as 150 e-/Å2/s at 200 keV (Haiber & Crozier, 2018). Thus, the three 
g-CNxHys studied here were imaged at fluence rates <70 e
-/Å2/s. At these fluence rates, the 
structures were verified to remain stable (see also Section 4.2.3). Additionally, all imaging 
was performed in regions where the samples were overhanging the vacuum.  
Large field of view (FOV) images were obtained from each material such that the 
graphitic layers were oriented perpendicular to the beam (see Figure A9-Figure A11 in 
Appendix C for full FOV images). Figure 4.3a-c features smaller FOVs (10 nm) cropped 
from the larger images to show representative differences between the in-plane TEM 
images from each g-CNxHy. In Figure 4.3d-e, the FTs generated from the large FOV images 
are compared. The FTs demonstrate an evolution in the periodic scattering information 
characterized by diffuse rings for U30-gCN and U240-gCN and a speckled ring pattern 
corresponding to Nicanite.  
Overall, the FT from Nicanite (Figure 4.3d) displays an interesting combination of 
scattering intensities in the (hk0) plane. A pseudo-hexagonal symmetry is observed 
throughout the FT and is especially clear at high scattering angles. At these high scattering 
angles (> 6 nm-1), the clusters of well-defined spots suggest they originate from a single 
phase with a fixed azimuthal orientation. In contrast, the FT is dominated by speckled rings 
at lower scattering angles, which suggests multiple domains/phases with different 
azimuthal orientations. Upon further inspection, the FT from Nicanite was compared to a 
simulated kinematical electron diffraction pattern for bulk melon with eclipsed stacking 
and flat layers (Figure A12). The kinematic pattern was used simply as a means to compare 
the symmetry of the FT to the theoretical pattern and index the intense spots. By rotating 
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the kinematic diffraction pattern while overlaid on the image FT from Nicanite, a 
maximum overlap between the theoretical pattern and the most prominent spots occurring 
in the FT was found for a rotation of about 55º clockwise from the orthogonal orientation 
of the unit cell pictured in Figure 4.1b. Within the inner-most ring of spots, which has a 
radius of about 1.4 nm-1, a set of {210}, {200}, and {020} reflections corresponding to a 
single crystalline phase can be clearly identified. Other intense features in the FT from 
Nicanite occurring at higher scattering angles (~ 4.7 nm-1) such as a line of spots 
corresponding to {260}, {160}, and {060} reflections are also consistent with the overlaid 
diffraction pattern. Furthermore, the motifs of well-defined spots occurring at ~6-9 nm-1 
align very well with the overlaid melon pattern (see Figure A13 for an alternative view that 
includes the higher scattering angles). Thus, the most intense features in the image FT from 
Nicanite seem to coincide with a single crystallographic phase with a melon structure. The 
remaining intensity comprising the speckled rings could be indexed to (hk0) reflections for 
melon by overlaying a ring pattern on the image FT from Nicanite (Figure A14). 
Although the exact thickness of Nicanite in the region being imaged could not be 
determined (typically image simulation is used to estimate specimen thickness in high 
resolution TEM images), an estimate can be gleaned from the XRD data which finds that 
the average thickness of Nicanite crystallites (i.e., the dimension perpendicular to the 
layers) is 8.7 nm. The same argument holds for the TEM images of U240-gCN and U30-
gCN which have even smaller average dimensions along the (002) directions as determined 
by XRD. This fact, combined with the observed speckled rings at low scattering angles, 
means that several stacked layers must be present in the region of Nicanite that was imaged. 
Additional diffraction simulations were carried in JEMS software for a range of thicknesses 
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to understand the consequences of dynamical effects  on the diffracted beams’ intensity 
distribution (not shown). At thicknesses greater than 25 nm, the weighting of intensities 
within the (hk0) plane begins to deviate significantly from the kinematical intensity 
distribution. Therefore, the kinematical intensities may be considered an appropriate 
benchmark for the expected diffracted beam intensities in the TEM images associated with 
Nicanite, U240-gCN, and U30-gCN. 
 
Figure 4.3 (a)-(c) Cropped, low fluence rate TEM images of (a) Nicanite (22 e-/Å2/s), (b) 
U240-gCN (69 e
-/Å2/s), and (c) U30-gCN (68 e
-/Å2/s). (d)-(f) Corresponding image Fourier 
transforms (FTs) for (d) Nicanite, (e) U240-gCN, and (f) U30-gCN generated from large 
FOV images. (g) Radially-averaged FT line profiles (solid lines) compared to 
corresponding powder XRD patterns (transparent lines) for each compound. 
Figure 4.3g compares the radially-averaged intensity line profiles of each image FT 
to the corresponding powder XRD patterns (from Figure 4.1a) as a function of scattering 
vector magnitude, |k|, for each g-CNxHy. The intense (hk0) peaks and the absence of the 
(002) reflection in each FT line profile is attributed to the orientation of the g-CNxHy 
specimens relative to the beam, yielding information on the in-plane structure. In addition 
to the consistency in d-spacings between TEM and XRD, trends in the peak broadening 
are consistent between both techniques. 
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Because the image of Nicanite is most likely not dominated by dynamical effects, 
the question of stacking sequence may be revisited by inspecting the radially averaged FT 
line profile and comparing it to simulated XRD profiles (which are kinematical). Figure 
4.4 overlays the simulated XRD profile for melon with eclipsed stacking (and flat layers) 
to the radially averaged FT line profile for Nicanite. Similar to the XRD observations 
shown in Figure 4.2, the simulated (hk0) reflections are shifted toward larger values of |k| 
(i.e., smaller d-spacings) compared to what is observed experimentally in the TEM image 
of Nicanite. The exact position of the (210) reflection for Nicanite (according to the TEM 
image FT) is at 1.425 ± 0.015 nm-1, giving a chain separation distance of 7.017 ± 0.007 Å, 
which is in good agreement with XRD (6.945 ± 0.002 Å). Recalling from the previous 
discussion, two of the ABA stacking sequences, namely those with shift vectors of [7.2%, 
5.4%] and [0%, 10.9%], were more difficult to reject than the other 3D structures due to 
their similarity with the XRD pattern for the eclipsed structure. The major difference in the 
Bragg peak intensities associated with these ABA stacking arrangements was the 
appearance of (211) and (021) type reflections, which again are not observed in Nicanite 
upon significant improvement in scattering information achieved through TEM imaging 
(Figure 4.4).  
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Figure 4.4 Radially-averaged FT line profile of Nicanite compared to the simulated XRD 
profile (i.e., kinematical intensities of Bragg beams) for melon with eclipsed stacking and 
flat layers. The vertical dashed lines represent the position of the (211) and (021) type 
reflections, which become allowed for ABA stacking sequences with shift vectors of 
[7.2%, 5.4%] and [0%, 10.9%]. 
Altogether, this information can be used to formulate a few possibilities regarding 
the 3D structure of Nicanite:  
(i) The layers are stacked turbostratically, but with a preferred azimuthal 
orientation. The layers coinciding in the preferred orientation give rise to the 
single-crystal-like intensity (Figure A12-Figure A13), while a small number of 
layers contribute to the speckled rings. This could explain why speckled rings 
are not also observed at the higher scattering angles in the FT from Nicanite 
(Figure 4.3), since scattering intensity decreases with the square of the 
scattering angle. In other words, these rotated layers give rise to intensity at 
small scattering angles (contributing to the speckled rings), but the scattering 
intensity from these layers drops below the noise for larger angles. 
(ii) The structure has eclipsed stacking. In the region imaged, there is either one 
large domain with the azimuthal orientation consistent with the a ~54º 
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clockwise rotation relative to the orthogonal orientation of the unit cell, with a 
small fraction of domains having other azimuthal orientations. Similar to the 
previous argument, this could result in speckled rings at low scattering angles 
and a single-crystal-like intensity at higher scattering angles.  
(iii) The layers are composed of a mosaic of turbostratically misoriented domains 
and regions of aligned, eclipsed stacking. Following the above arguments, the 
majority of the material is in the eclipsed stacking arrangement, while a smaller 
fraction possesses turbostratic disorder. 
If the above scenarios are generalized to U240-gCN and U30-gCN, hypotheses about 
what gives rise to the diffuse ring in their image FTs (Figure 4.3e-f) may be imagined. If 
the 3D structures agree with (i), then the appearance of diffuse rings implies a more random 
distribution in the azimuthal orientation of the stacked layers. On the other hand, if the 
structures are consistent with (ii), the domain sizes may be smaller, each having a unique 
azimuthal orientation. If (iii) is true, there would be a combination of both of the above 
effects and possibly smaller domains of eclipsed and turbostratically stacked regions. In 
order to probe these possibilities, a more detailed analysis of the local fluctuations 
occurring across the large FOV needs to be carried out. 
 Visualizing Fluctuations in the Local In-Plane Structure 
The planar structure of g-CNxHy has a distinctive arrangement of heptazine 
monomers when the extended chains are arranged into zig-zag chains forming melon 
(Figure 4.1b). Namely, a nearly hexagonal motif associated with the first heptazine nearest 
neighbors surrounding any heptazine unit can be identified. When viewed in projection 
parallel to the c-axis, an eclipsed layer arrangement would look identical to the single layer. 
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However, if a turbostratic structure is viewed in the same orientation, the heptazine units 
in subsequent layers would be located in between that of the first layer (depending on the 
degree of rotational disorder in the stacked layers). As mentioned previously, there may be 
local changes in the stacking across the full FOV necessitating the image to be inspected 
for local fluctuations in the structure. It is also difficult to locate heptazine units by directly 
looking at the image or FTs. Instead, local Patterson functions can be extracted from small 
regions across the large FOV images to elucidate the local nearest neighbor arrangement 
of heptazine units. The symmetry (or lack thereof) in the local Patterson function will 
appear hexagonal-like in regions with eclipsed layers and more circular in regions 
containing turbostratic stacking or reduced ordering. 
The Patterson function, 𝑃(∆𝒓), is defined as an autocorrelation of the scattering 
factor distribution of a material, 𝑓(𝒓), where r is a position vector in real space (Fultz & 
Howe, 2008). Equivalently, 𝑃(∆𝒓) is equal to the inverse FT of the diffracted intensity, 
𝐼(𝒌), under kinematical scattering conditions (where 𝒌 is the scattering vector). These two 
relationships can be written as 𝑃(∆𝒓) = 𝑓(𝒓) ⊛ 𝑓(𝒓) =  𝐹−1[𝐼(𝒌)]. Since 𝑓(𝒓) describes 
the position of atoms within a material, an autocorrelation of 𝑓(𝒓) will give rise to 
information about atom pair spacings and hence a Patterson function being described for 
values of ∆𝒓. Ultimately, the Patterson function can be used to visualize the symmetry and 
spatial extent of periodicity within disordered materials.  
Scattering information obtained from the TEM images contains only two 
orthogonal directions within the reciprocal lattice, in this case the (hk0) plane, as 
demonstrated in Figure 4.3. Thus, ∆𝒓 can be thought of as shifting positions from an 
arbitrary starting point within the graphitic layers. Here, the diffracted intensity is 
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approximated by the modulus of the image FT and thus a pseudo Patterson function (PPF) 
can be generated by applying a 2D autocorrelation to many smaller regions comprising the 
full FOV. As such, ∆𝒓 will be described by components ∆𝑟x and ∆𝑟y, or the orthogonal 
shifts within the layer. The 2D autocorrelation procedure assigns values from -1 to +1 at 
every (∆𝑟x, ∆𝑟y) position. At (∆𝑟x, ∆𝑟y) = (0, 0), the autocorrelation will be at its maximum 
of 1. At any other ∆𝒓, positive values will reach local maxima at HHNN distances whereas 
negative values should peak exactly between the HHNN separation distances.  
To visualize the average HHNN environment of each g-CNxHy, each large FOV 
TEM image was broken up into a grid of 6.5-nm, square boxes. The box size was selected 
to maximize the local sampling and provide a range in ∆𝒓 that covers up to four HHNN 
shells (see Figure A15 in Appendix C for labelling of HHNN shells and their associated 
|∆𝒓| values). Subsequently, a 2D autocorrelation was computed for each region, yielding 
several local PPFs covering the entire FOV (Figure A16). Figure 4.5a-c plots the mean PPF 
for each g-CNxHy compound, which were generated by averaging the grid of local PPFs 
spanning each TEM image. Positive-to-negative oscillations within each PPF reveal 
HHNN shells (Figure A15). The mean PPF for Nicanite (Figure 4.5a) exhibits a nearly 
hexagonal symmetry within the first HHNN shell, which coincides with the characteristic 
in-plane motif of heptazine units in melon. Relatively strong structural correlations are 
maintained up to the highest ∆𝒓 values for Nicanite, representing the fourth HHNN shell. 
In both urea-derived g-CNxHys, the mean PPFs exhibit continuous rings within the HHNN 
shells. On average, U240-gCN contains relatively strong structural correlations up to the 
third HHNN shell (Figure 4.5b) whereas for U30-gCN, the mean PPF becomes significantly 
attenuated beyond the first shell (Figure 4.5c).  
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Figure 4.5 (a)-(c) Mean pseudo Patterson functions (PPFs) for (a) Nicanite, (b) U240-gCN, 
and (c) U30-gCN. The 1
st-4th heptazine-heptazine nearest neighbor (HHNN) shells are 
labelled over each mean PPF and the intensity scale bar next the (c) applies to all mean 
PPFs. (d)-(f) Examples of three local PPFs from (d) Nicanite, (e) U240-gCN, and (f) U30-
gCN demonstrating local structural ordering. To the right of each local PPFs is a structure 
model containing the first HHNNs depicting the azimuthal orientation in that region. The 
pink arrows are a guide to the eye to show relative differences in the azimuthal orientation 
between regions. 
Since the mean PPF for Nicanite (Figure 4.5a) clearly demonstrates the melon 
structure across the full range in ∆𝒓, this implies that the structure is relatively invariant 
across the entire FOV. In contrast, the circular symmetry in the mean PPFs for U240-gCN 
and U30-gCN suggest rotational variations across the FOV. If fluctuations in the local 
azimuthal orientation of the heptazine building blocks are present, they should be revealed 
upon inspection of the local PPFs from each g-CNxHy. Figure 4.5d-f compares three local 
PPFs (displayed over the first HHNN shell) from Nicanite, U240-gCN, and U30-gCN, 
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respectively. These PPFs were selected because they demonstrated a high degree of local 
structural ordering evidenced by the hexagonal-like symmetry within the first HHNN shell 
(the entire range in ∆𝒓 for these PPFs are shown in Figure A17). In each, the azimuthal 
orientation of the in-plane structural motif can be clearly identified, as shown by the 
structure models next to each local PPF in Figure 4.5d-f. For Nicanite, the azimuthal 
orientation of in-plane structure is relatively constant across the field of view (~54º rotated 
clockwise from the orthogonal orientation). On the other hand, the azimuthal orientation 
of the planar structural motifs within the urea-derived g-CNxHys fluctuate from region to 
region.  
Subtle details in the local PPFs from each g-CNxHy also reveal evidence of 
turbostratic stacking. For Nicanite, each local PPF contained the motif of spots consistent 
with the single crystal of melon oriented 54º clockwise from the orthogonal orientation 
(Figure 4.5d). However, in many of the local PPFs, there is additional intensity between 
these primary spots (Figure A18), which supports the hypothesis that turbostratic stacking 
is present in at least some of the regions. It is very difficult to definitively assign any local 
PPF as being associated with purely eclipsed stacking. Even in the local PPFs 
demonstrating a high degree of ordering (Figure 4.5d), there is some residual intensity 
between the primary set of six spots, which could mean there is a smaller fraction of 
turbostratic stacking than in the more obvious areas shown in Figure A18. The 
heterogeneity in the local PPFs from U240-gCN and U30-gCN were much greater than that 
of Nicanite. In addition to there being locally ordered regions giving PPFs with the near 
hexagonal symmetry (as in Figure 4.5e-f), many local PPFs from U240-gCN and U30-gCN 
exhibited a much lower degree of structural ordering characterized by rings of intensity 
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within the first HHNN shell (Figure A19). This could indicate one of two possibilities: (i) 
there is a high degree of turbostratic stacking or (ii) within the 6.5-nm window, there are 
several smaller domains with different azimuthal orientations. Further studies would be 
needed to elucidate the exact nature of disordering. At any rate, these planar structural 
fluctuations give rise to the circularly symmetric mean PPFs and likely also give rise to 
Bragg peak broadening of the (hk0) reflections observed in XRD. 
Virtual dark field images were also constructed from Nicanite to map the intensities 
of the (210), (020), and (-210) reflections across the full FOV (see Appendix C for a full 
discussion and figures). The intensity fluctuations were consistent with small tilts of the 
layers with respect to the beam. The tilting effects simply change the intensities of the 
diffracted beams associated with the single-crystal-like contribution to the image but are 
not responsible for the speckled rings or motifs in the PPFs that suggest turbostratic 
stacking. VDF images generated for the urea-derived g-CNxHys show a random 
distribution of intensities for reflections within the low-index (hk0) ring. The lack of 
extended planar domains is consistent with the PPF analysis that shows structural order on 
few-nanometer length scales.  
 Polymer Chain Lengths and Structural Disorder 
In Nicanite, structural ordering is exhibited up to the fourth HHNN shell (Figure 
4.5a), the maximum range in ∆𝒓 used in the local PPF analysis. The nearly hexagonal motif 
observed in Nicanite’s mean PPF coincides with the symmetry of melon and suggests an 
invariant structure across the field of view that belongs to a single azimuthal orientation, 
which was further confirmed via VDF image analysis (see Appendix C). This implies the 
polymer chains which make up the graphitic layers are likely up to 10’s of nanometers in 
 177 
 
length. Evidence for multiple grains of melon with eclipsed stacking, each with a unique 
azimuthal orientation, was not observed throughout the local PPFs meaning that hypothesis 
(ii) regarding the 3D structure can be rejected. Evidence for turbostratic stacking was found 
in many of the local PPFs suggesting that the large grain (viewed in projection, parallel to 
the c-axis) contains a small fraction of randomly rotated layers. This also means that the 
broadening of (hk0) Bragg peaks may be attributed to turbostratic stacking disorder as the 
planar domains are quite large. More studies are needed to reveal the exact nature of 
turbostratic stacking in Nicanite. A good approach, which has been described recently by 
Trout et al., involves collecting electron diffraction patterns at cryogenic temperatures 
(Trout et al., 2019). 
In U240-gCN, strong positive intensity in the mean PPF extends out to the third 
HHNN shell (Figure 4.5b) consistent with an average chain length of about four heptazine 
units (~ 2-3 nm). In the most disordered g-CNxHy (U30-gCN) structural correlations are 
only maintained within the first HHNN shell (Figure 4.5c) meaning the average chain 
length may be about two units (~0.8 nm). VDF images of both the urea-derived g-CNxHys 
do not show evidence of extended planar domains beyond the pixel size of 2.2 nm which 
is consistent with the average heptazine chains lengths deduced from their mean PPFs. 
Furthermore, azimuthal orientational fluctuations of locally ordered domains occur much 
more frequently in the urea-derived g-CNxHys (Figure 4.5e-f). The hydrogen content in 
U30-gCN is also highest meaning that on average, more N-H2 terminating groups should 
be present leading to shorter heptazine chains. While Nicanite and U240-gCN possess 
comparable concentrations of hydrogen, U240-gCN most likely contains a higher ratio of 
N-H2:N-H moieties. In this view, structural disorder occurs when the heptazine chain 
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lengths becomes shorter due to the introduction of additional N-H2 defects. This facilitates 
increasingly smaller locally ordered planar domains to form, each with a unique azimuthal 
orientation.  
4.4 Summary 
To overcome the intrinsic limitations of bulk structural characterization techniques, 
low fluence rate TEM combined with image processing/analysis were combined to 
elucidate structural disorder in three g-CNxHys prepared to have different degrees of 
polymer condensation. Variations in the local heptazine-heptazine nearest neighbor 
environment and the average polymer chain length were revealed by calculating local 2D 
autocorrelations which serve as PPFs of the (hk0) layers. In the two urea-derived g-CNxHys, 
which demonstrate reduced long-range order, disorder is characterized by fluctuations in 
the azimuthal orientation of locally ordered in-plane domains. Furthermore, their averaged 
2D autocorrelations are consistent with chain lengths of two to four heptazine units (i.e., 
oligomeric). A commercially produced g-CNxHy possessing exceptional long-range order 
displayed in-plane orientational invariance and regions with turbostratic stacking. VDF 
imaging of the same material revealed in-plane domains spanning the entire field of view, 
consistent with average chain lengths on the order of 10’s of nanometers. The extended 
planes are therefore most likely composed of a mosaic of locally turbostratically 
misoriented regions. Hydrogen content is highest in the most disordered g-CNxHy, which 
implies that a high number of amine groups prevents polymer chain growth, allowing for 
structural disorder to evolve in the way observed here. These insights will allow more 
realistic structural models of g-CNxHy compounds to be constructed so that ultimately, 
 179 
 
(photo)catalytically relevant properties (e.g., bandgap, band edges, mobilities, etc.) may be 
more accurately predicted. 
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 Competing Structure-Activity Relationships in Photocatalyst Design: Pt-
Functionalized Graphitic Carbon Nitrides for Hydrogen Evolution 
Abstract 
Pt-functionalized graphitic carbon nitrides (g-CNxHys) represent a promising class 
of materials for efficiently driving H2 evolution from water under visible light, yet 
consistent structure-function relationships in this system have been difficult to realize. By 
applying both bulk and nanoscale characterization to a series of differently prepared Pt/g-
CNxHys, competing factors that influence photocatalytic performance are elucidated. The 
turnover frequency (TOF) of each light-harvesting support could be determined by 
accounting for differences in active site density that result from the unique Pt dispersions 
on each g-CNxHy. We show that the TOF increases as the stacking distance in the g-CNxHy 
decreases, indicating that the most structurally condensed forms of this material facilitate 
high rates of photogenerated electron transfer to reactants. However, active site densities 
are more than 3x lower on the most condensed g-CNxHy resulting in low H2 evolution rates. 
Based on these findings, we suggest rational approaches for improving Pt dispersions on 
intrinsically active g-CNxHy supports.  
5.1 Motivation 
As mentioned in Chapter 1, one of the major challenges preventing powdered 
photocatalysts from being used industrially are the ubiquitously low STH efficiencies, 
which are yet to reach 10% (Shanshan Chen et al., 2017; Maeda & Domen, 2010). An ideal 
photocatalyst would consist of an efficient, visible light-harvesting semiconductor that 
facilitates fast charge separation and transport to a cocatalyst component. The cocatalyst 
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must be highly dispersed and remain stable throughout the reaction allowing effective 
charge transfer to the reactants. In practice, it may be difficult to engineer a system that 
simultaneously optimizes the charge generation/transport and cocatalyst configuration due 
to competing processes associated with synthesis factors. Different performance metrics 
can be utilized to characterize the degree of cooperation between these functionalities 
facilitating rational design strategies. These realizations continue to motivate fundamental 
research and development of particulate photocatalysts, which with careful engineering 
may reach STH efficiency targets (Garcia-Esparza & Takanabe, 2016; Maeda & Domen, 
2007, 2016; Frank E. Osterloh, 2013).  
Graphitic carbon nitride (g-CNxHy) is a particularly interesting candidate for 
driving H2/O2 evolution from water under visible light (Xinchen Wang et al., 2009; Yao 
Zheng et al., 2012). Notably, g-CNxHys can drive overall water splitting without sacrificial 
reagents (G. Zhang et al., 2016) and achieve high AQYs of 26.5% under visible light with 
precise control over synthesis (Martin et al., 2014). This material system can also be used 
to explore the complex interplay between synthesis-related factors critical to photocatalytic 
functionalities. The polymeric nature of these compounds gives rise to a range in C/N/H 
stoichiometries, bandgap energies (e.g., 2.6-2.9 eV), and long-range structural order which 
ideally may be optimized to facilitate high efficiency water reduction/oxidation (Cao et al., 
2015; T. S. Miller et al., 2017). A variety of nitrogen-rich precursors can be polymerized 
through thermolytic condensation to form g-CNxHy compounds with varying degrees of 
long-range order and photocatalytic performances (Dong et al., 2013; Q. Han et al., 2018; 
Jorge et al., 2013; Long et al., 2014; Martin et al., 2014; Yuan et al., 2015; G. Zhang et al., 
2012; Yu Zheng et al., 2017). Their long-range structure resembles melon, consisting of 
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amine (N-H) bridged heptazine (C6N7, a three-ringed heterocyclic monomer) chains 
terminated by N-H2 groups which are stabilized through a hydrogen bonding network at a 
limiting composition of C2N3H (Botari et al., 2017; Bettina V. Lotsch et al., 2007). In 
general, prolonged calcination times and/or higher temperatures produce more condensed 
forms of g-CNxHy wherein the interplanar stacking distance decreases and the long-range 
structural order increases (Dong et al., 2013). Subtle structural differences in differently 
condensed g-CNxHys are believed to originate from nano-crystallinity and structural 
disorder (Botari et al., 2017; Bettina V. Lotsch et al., 2007; T. S. Miller et al., 2017). 
Typically, g-CNxHy is loaded with Pt to act as an H2 evolution cocatalyst when performing 
the water reduction half reaction. More recently, methods have been developed to 
functionalize g-CNxHy with metal single atoms in an effort to increase the number of active 
sites while using less precious metals (Zupeng Chen et al., 2017; Xiaogang Li et al., 2016).  
Charge transport in g-CNxHys occurs through an interplanar hopping mechanism 
due to its low degree of conjugation along the polymer strands (C. Merschjann et al., 2013; 
Christoph Merschjann et al., 2015). Electron and hole polaron pairs generated upon photon 
absorption become localized to the heptazine monomers and diffuse to heptazine units on 
adjacent layers (i.e., along the c-direction) at mobilities ranging from 10-6-10-4 cm2V-1s-1 
depending on the interplanar stacking distance (Christoph Merschjann et al., 2015). Based 
on this, one may expect H2 evolution rates (HERs) to increase for more condensed g-
CNxHys (i.e., with smaller interplanar spacings) as more photogenerated electrons may 
reach the surface. Indeed, a study of urea-derived g-CNxHys found that increased 
condensation correlated with greater HERs (Dong et al., 2013). However, in a group of g-
CNxHys synthesized from mixtures of melamine and dicyandiamide, the opposite trend was 
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found (Jorge et al., 2013). In this case, charge trapping defects associated with n → π* 
transitions were hypothesized to increase recombination rates and limit the HER.  
The effect(s) of hydrogen content in g-CNxHys (manifesting in N-Hx defects) on 
their photocatalytic performance also proves difficult to elucidate. In g-CNxHys 
synthesized from a variety of precursors, increased hydrogen content was correlated with 
lower HERs suggesting that N-Hx defects localize photogenerated charge carriers (Martin 
et al., 2014; P. Wu et al., 2014a). On the other hand, recent computational and experimental 
studies have identified that native N-H2 groups located at the surface facilitate charge 
transfer to Pt cocatalyst through a metal-support interaction (V. W. hei Lau et al., 2017). 
Vibrational electron energy-loss spectroscopy (EELS) in a scanning transmission electron 
microscope (STEM) has also revealed that the local N-Hx content at the surface of a g-
CNxHy flake fluctuates significantly about different nano-sized regions owing to structural 
disorder (Haiber & Crozier, 2018). Photodeposition, the most common method to 
functionalize g-CNxHys with Pt, requires photogenerated charge migration to the surface 
in order to reduce the aqueous Pt ions forming active cocatalyst species (Wenderich & Mul, 
2016). As such, one may expect different g-CNxHys to exhibit unique cocatalyst particle 
size distributions (and active site densities) resulting from photodeposition depending on 
their unique surface hydrogen heterogeneity, bandgap energy, and mobility.  
There are several effects of Pt particle size on the ability of a photocatalyst to 
produce H2 under light illumination. More dispersed Pt particles increase the total contact 
area with reactants and decrease recombination rates by reducing the average diffusion 
length for photogenerated electrons/holes (Wei, Shi, Ren, Li, & Shao, 2013). Besides that, 
small Pt particles will experience a more negative electrochemical potential shift relative 
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to bulk Pt, increasing the driving force for transfer of electrons to protons in water 
(Sieradzki, Cammarata, Li, Tang, & Friesen, 2010). In this view, measurement of 
cocatalyst size distributions on different Pt/g-CNxHy photocatalysts may be critical to 
arriving at reliable structure-activity relationships in this complex system. Despite the 
potentially important role of metal-support interactions, metal cocatalyst size distributions 
are rarely considered in g-CNxHy photocatalysts. In the relevant literature, only a small 
number of reports have observed metal nanoparticles supported on g-CNxHys and related 
materials using electron microscopy (Jones et al., 2017; K. Li, Zeng, Yan, Luo, & Luo, 
2015; Xiaogang Li et al., 2016; Maeda et al., 2009; Song, Jung, & Kim, 2016; Zeng et al., 
2017). Quantification of the cocatalyst particle size distribution may reveal differences in 
the number of active sites (approximately the number of surface-exposed Pt atoms) among 
various g-CNxHys. Advantageously, this would allow the turnover frequency (TOF), 
describing the rate of H2 production per active site, to be calculated and provide a more 
accurate metric of photocatalytic activity than a simple HER which is influenced by 
ensemble effects (Kudo & Miseki, 2009).  
High-angle annular dark field (HAADF) STEM is a straightforward technique for 
imaging Pt on g-CNxHy due to the atomic number contrast of heavy Pt atoms among the 
light support and minimal sample preparation required (Nellist & Pennycook, 2000). Pt 
specific surface areas can also be quantified through electrochemically active surface area 
measurement but requires relatively complex preparation of powders in order to attach 
them to a flat electrode (Pozio, Francesco, Cemmi, Cardellini, & Giorgi, 2002; Song et al., 
2016). Carbon monoxide chemisorption is another technique typically applied to 
heterogeneous catalysts for measuring Pt dispersions (Qiao et al., 2011). However, 
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measurements of photodeposited Pt onto g-CNxHy through this technique would prove 
difficult as the metal is deposited under reaction conditions wherein the powder is 
submerged in a solution containing viscous sacrificial reagents like triethanolamine. Trace 
amounts of this liquid left on the surface of deposited Pt particles may prevent 
chemisorption from taking place yielding inaccuracies.  
While much effort has been placed on developing hierarchical structures (He, Xie, 
Liu, & Li, 2018; X. Lu, Xie, Chen, & Li, 2019) and new cocatalysts (X. Lu et al., 2018; 
Shen, Liu, Ren, Xie, & Li, 2019; Xiao et al., 2019) to yield high HERs with g-CNxHy 
photocatalysts, increased focus on developing structure-activity relationships may 
accelerate progress toward this critical objective. To this end, we present an approach to 
elucidate H2 evolution TOFs from simple model systems involving photodeposited Pt on 
differently condensed g-CNxHys. HAADF-STEM imaging is used to measure the Pt 
particle size distributions, from which active site densities can be extrapolated to obtain 
TOFs. Properties of the g-CNxHy support  that may affect charge generation/transport (e.g., 
stacking distance, bandgap energy, hydrogen content) are obtained though bulk 
characterization and compared to TOFs to elucidate trends in activity. The methodology 
applied here sheds light onto the competing effects between photocatalytically-relevant 
properties in Pt/g-CNxHys, providing a fundamental understanding of functionality and 
suggesting rational design strategies for maximizing HERs. 
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5.2 Experimental 
 Synthesis 
Three g-CNxHy powders demonstrating various degrees of structural condensation 
were selected for study. A commercial g-CNxHy powder, Nicanite, was selected as it 
demonstrates exceptional long-range order. Nicanite was obtained from Carbodeon Ltd. 
and used as received. Since urea-derived g-CNxHys are becoming increasingly recognized 
as the most active forms for H2 evolution (Dong et al., 2013; V. W. hei Lau et al., 2017; 
Martin et al., 2014; Niu, Li, Ma, & Zhai, 2018), the remaining two g-CNxHy powders were 
synthesized from urea though thermolytic condensation (see Section 2.1.2). 
 Bulk Characterization 
Powder X-ray diffraction (XRD) was carried out using a Siemens D-5000 powder 
X-ray diffractometer using either a Cu-Kα (λ = 0.1540560 nm) or Co-Kα (λ = 0.1788970 
nm) source. To minimize error in the measurement of the stacking distance, the step size 
during acquisition of XRD data was set to 2θ = 0.05°. Fourier Transform infrared (FT-IR) 
absorption spectroscopy was performed using a Bruker IFS 66v/S Vacuum FT-IR under 
<5 mbar environment to collect attenuated total reflection spectra. UV-visible absorption 
spectroscopy was carried out on a Lambda 18 spectrophotometer to produce Kubelka-
Munk absorption spectra, f(R)=(1-R)2/2R, based on the diffuse reflectance, R, 
measurements from each powder. The acquisition settings for optical spectroscopy are as 
follows: step size = 2 nm, scan speed = 240 nm/min, slit size = 4 nm.  
 Pt Functionalization 
Two loading methods were used to stabilize Pt onto the g-CNxHys. In the case of 
photodeposition, an appropriate amount of aqueous PtCl4 was added to the photoreactor 
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solution to achieve a high nominal Pt loading of 5.0 wt% (for a full description refer to 
Section 2.1.5.1). All three supports were tested under this condition. Typical Pt loadings 
for g-CNxHys range from 0.5-6 wt.% (Bhunia, Yamauchi, & Takanabe, 2014; Ham et al., 
2013; Kang et al., 2015; V. W. Lau et al., 2016; Xinchen Wang et al., 2009; S. Yang et al., 
2013). The high loading for photodeposition was selected for two reasons: (i) to make 
subsequent quantification of the active site density easier because the high loading 
promotes more coverage of the support and (ii) to contrast the additional low loading (0.5 
wt%) method applied to Nicanite. Highly-dispersed Pt (e.g., single atoms) were also 
deposited only onto Nicanite following a post-synthesis method involving chemical 
reduction as described by Chen et al. and modified slightly (refer to Section 2.1.5.1 for a 
full description) (Zupeng Chen et al., 2017). 
 Measurement of H2 Evolution Rates 
A continuously flowed photoreactor using Ar as a carrier gas and coupled to a gas 
chromatograph (Varian GC-450) with a thermal conductivity detector (TCD) was used to 
measure the HERs of each Pt/g-CNxHy photocatalyst (for a full description see Section 
2.2). In each photoreaction experiment, 40 mg of g-CNxHy powder was added to 10 vol% 
aqueous triethanolamine (36 mL DI water + 4 mL of triethanolamine) and sonicated for 20 
minutes to break up aggregates in the powder. In the case of photodeposition, an 
appropriate amount of aqueous PtCl4 stock solution was then introduced. A Newport 450-
W Xe arc lamp with a dichroic beam turning mirror, which filters out infrared light, and a 
>400 nm long-pass filter were combined to illuminate the photoreactor from the top 
through a quartz window (see Section 2.2 and Figure A29 in Appendix D).  
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 Quantification of Pt Loading 
For the samples containing photodeposited Pt at a nominal loading of 5.0 wt%, 
inductively coupled plasma mass spectroscopy (ICP-MS) was performed on the 
photoreactor supernatant solution before and after the duration of each 5-hour 
photoreaction. The difference between the initial and final Pt concentrations in the 
supernatant were assumed to primarily result from photodeposition onto the g-CNxHy 
powder. To avoid any unintended photodeposition under ambient lighting, the pre-
photoreaction concentrations were measured from separate solutions containing the same 
amount of aqueous PtCl4, DI water, and sacrificial reagent as used in the photoreaction 
measurements. Post-photoreaction measurements of Pt concentration were performed on 
the photoreactor supernatant solution after isolation of the liquid-components through 
centrifugation. To test the experimental error in Pt concentration measurement, ICP-MS 
was performed on a group of six equally-prepared solutions containing only the liquid 
components (in the same quantities as used in the photoreactions) and yielded an average 
concentration equivalent to 5.0 wt% Pt (confirming the nominal loading) with a < 2.0% 
standard deviation between samples. For the Pt/Nicanite sample prepared by chemical 
reduction, the nominal Pt loading was determined by performing ICP-MS on a solution 
containing the appropriate amount of aqueous PtCl4 in DI water (no Nicanite powder or 
NaBH4 was added to avoid Pt precipitation/deposition). The post-synthesis sample was 
isolated through centrifugation immediately following synthesis and subsequently 
subjected to ICP-MS to measure the Pt concentration. Similarly, the amount of Pt deposited 
was calculated by the difference between the nominal and post-synthesis concentrations. 
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 STEM Imaging of Pt Dispersions 
HAADF-STEM imaging was performed on a probe-corrected JEOL ARM 200F 
operating at 200-kV giving a spatial resolution of 0.8 Å when optimized. For imaging of 
the used photocatalysts, a small amount of photoreactor contents (containing the reactor 
solution and powder) was centrifuged and washed 3x with DI water before depositing onto 
200-mesh copper grids with lacey carbon support film (Pacific Grid Tech). For imaging of 
the fresh Pt/Nicanite photocatalyst prepared by chemical reduction, the as-synthesized 
powder was dry loaded onto the same type of TEM grid. 
5.3 Results and Discussion 
 Characterization of g-CNxHys 
Figure 5.1a compares the XRD patterns of each g-CNxHy to a simulated pattern for 
melon (C2N3H) with eclipsed stacking (i.e.,  no lateral shift between the layers). Changing 
the stacking sequence by introducing lateral layer shifts does not affect Bragg peak 
positions as shown by Fina et al. (Fina et al., 2015; Bettina V. Lotsch et al., 2007). For 
visual clarity, each XRD pattern was normalized by the first Bragg peak at ~13°. The peaks 
from 12.74-13.07° (6.77-6.94 Å) are indexed to (210) planes, which are associated with 
the average in-plane spacing between the amine-bridged heptazine chains. The most 
prominent Bragg peak located at 27.31-27.65° corresponds to interplanar spacings of 3.263 
± 0.006, 3.235 ± 0.006, and 3.224 ± 0.006 Å for U30-gCN, U240-gCN, and Nicanite, 
respectively. Out of the three g-CNxHys, Nicanite displays the most long-range order (i.e., 
narrowest Bragg peaks) and smallest stacking distance, signifying it has the highest degree 
of structural condensation followed by U240-gCN and U30-gCN.  
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Bulk elemental analysis was performed on the g-CNxHy powders to obtain the 
C/N/H atomic percentages in each compound (Table A3, Appendix C). The hydrogen 
content of the powders is 17.90, 15.79, and 23.77 at% for Nicanite, U240-gCN, and U30-
gCN, respectively. Compared to the hydrogen content of polymeric melon (C2N3H) at 16.7 
at%, U240-gCN appears to be slightly decomposed owing to its deficient hydrogen content. 
U30-gCN contains excess hydrogen content which is most likely due to the decreased 
synthesis time.   
To evaluate the types of bonding in each g-CNxHy, FT-IR absorption spectroscopy 
was performed on each powder. Figure 5.1b compares the normalized FT-IR absorption 
spectra of each g-CNxHy. All spectra demonstrate typical absorption bands found in g-
CNxHy compounds (T. S. Miller et al., 2017). From 700-1500 cm
-1 are several absorption 
bands ascribed to various vibrational modes associated with triazine- or heptazine-based 
molecules (Jorge et al., 2013; Bettina V. Lotsch et al., 2007; T. S. Miller et al., 2017). At 
~810 cm-1 is a sharp peak originating from ring-sextant vibrations characteristic of triazine 
(C3N3) or heptazine (C6N7) units (Bettina V. Lotsch et al., 2007). The three sharp peaks 
between 1200-1320 cm-1 are assigned to C-NH-C modes, which originate from bridged 
heptazine units that form the zig-zag chains (Bettina V. Lotsch et al., 2007; P. Wu et al., 
2014a). Between 1500-1700 cm-1 are deformation modes of N-H2 units (T. S. Miller et al., 
2017). The broad band between 3000-3300 cm-1 contains N-H/N-H2 stretching modes 
confirming the polymeric, amine-rich structure of these g-CNxHys (Jorge et al., 2013; 
Bettina V. Lotsch et al., 2007; T. S. Miller et al., 2017). Both U30-gCN and Nicanite 
demonstrate stronger amine bands (around 3200 cm-1) than that of U240-gCN, consistent 
with their higher hydrogen content. Furthermore, the three bands attributed to the C-NH-C 
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bridging units in Nicanite are more prominent than that of U240-gCN, suggesting it 
possesses longer heptazine chains and possibly a higher percentage of N-H groups.  
The bulk optical absorption profiles were obtained from Kubelka-Munk diffuse 
reflectance spectra, f(R), from each g-CNxHy. Figure 5.1c compares the normalized f(R) 
spectrum for each g-CNxHy. The bandgap onset energy of each powder was estimated by 
linear extrapolation of the increasing portion of each absorption spectrum to its intercept 
with the wavelength axis (Figure A30, Appendix D). Both U240-gCN and U30-gCN possess 
nearly identical absorption profiles, with abrupt bandgap onsets around 426 nm (2.91 eV). 
On the other hand, Nicanite displays an optical absorption feature centered at 500-nm (2.48 
eV) in addition to a red-shifted bandgap onset at 485 nm (2.56 eV). Additional absorption 
at 500-nm has been attributed to the activation of n → π* electronic transitions, which may 
originate from increased layer corrugation according to density functional theory (Y. Chen 
et al., 2014). Based on the optical absorption spectra, it is obvious that Nicanite achieves 
the greatest visible light absorption, which is corroborated by its saturated yellow color 
shown in the insets of Figure 5.1c. 
 
Figure 5.1 (a) Powder XRD patterns from each g-CNxHy and simulated XRD pattern for 
melon with eclipsed stacking (Bettina V. Lotsch et al., 2007) (each pattern is vertically 
shifted for clarity). (b) Normalized FT-IR absorption spectra for each g-CNxHy powder 
(spectra are vertically shifted for clarity). (c) Normalized Kubelka-Munk diffuse 
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reflectance spectra, f(R), of each g-CNxHy; insets compare pictures of the powders to show 
differences in color. 
Vibrational EELS in a STEM was used to show that the local chemical environment 
in Nicanite can vary significantly. By using an aloof-beam configuration, which involves 
placing the incident electron beam < 10 nm outside the sample edge (in the vacuum) to 
maximize the energy-loss signal and minimize radiation damage, the vibrational 
fingerprint from different nano-sized  regions (measuring ~50 nm laterally) near the surface 
of Nicanite were collected (Crozier, 2017; Haiber & Crozier, 2018; Rez et al., 2016). Figure 
5.2 displays two unique vibrational energy-loss spectra from different regions of similar 
thickness showing noticeably different line shapes (see Figure A31 in Appendix D for 
images of the two areas where energy-loss spectra were acquired). While the energy 
resolution of monochromated EELS is significantly lower than that of the FT-IR absorption 
spectra, features corresponding to the C-NH-C bridging units, CN-ring vibrations, N-H2 
deformation modes, the amine (N-H/N-H2) band, and even cyano (C≡N) vibrational modes 
(only in area 1) can be identified. Based on the relative intensities of these features, area 1 
appears to contain more N-H2 groups and additional C≡N defects. On the other hand, area 
2 contains more bridging C-NH-C bridging units and fewer N-H2 terminal groups. Thus, 
the local vibrational analysis shows that even in the sample showing a high degree of 
structural order, there is significant heterogeneity in the spatial distribution of amine 
groups. One may expect the Pt dispersion on Nicanite to be nonuniform and localized to 
regions where the local N-H2 concentration is highest as these defects facilitate charge 
transfer (V. W. hei Lau et al., 2017). 
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Figure 5.2 Normalized vibrational electron energy-loss spectra from different nano-sized 
regions (of comparable thickness) near the surface of Nicanite demonstrating differences 
in the local bonding environment. 
 Photocatalytic H2 Production 
Each support was functionalized with Pt to act as an H2 evolution cocatalyst via 
photodeposition at a loading of 1.6 wt%, which was confirmed by ICP-MS (i.e., about 32% 
of the Pt added to solution was photodeposited). An additional sample composed of 
Nicanite and highly-dispersed Pt at a much lower loading of 0.15 wt% (measured by ICP-
MS) was also prepared using chemical reduction with NaBH4 (Zupeng Chen et al., 2017). 
Figure 5.3 shows the HERs per mass of photocatalyst of each Pt-functionalized g-CNxHy. 
The rapid onset in HER occurring just after illuminating the reactor at 12 minutes 
corresponds to the characteristic transient behavior in a continuously-stirred tank reactor 
(K. Han et al., 2017; Zoontjes, Han, Huijben, van der Wiel, & Mul, 2016). At one hour, 
the HER of Nicanite and U30-gCN (loaded with 1.6 wt% Pt via photodeposition) reach 
~730 and ~600 μmol/h/g, respectively. For U240-gCN, the HER peaks at ~1770 μmol/h/g 
and steadily decays to ~1520 μmol/h/g over the next four hours. The low-loading 
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Pt/Nicanite prepared with chemical reduction achieves a maximum HER of ~880 μmol/h/g, 
about 20% better than that of the high-loading Pt/Nicanite but slightly deactivates over the 
duration of the photoreaction. To correctly interpret the origins of the observed differences 
in HER between these materials, it is important to explore variations in Pt metal cocatalyst 
dispersion in addition to the support properties. 
 
Figure 5.3 H2 evolution rates (HERs), per mass of photocatalyst, of Pt/g-CNxHy 
photocatalysts under λ > 400 nm irradiation in the presence of 10 vol% triethanolamine as 
a sacrificial reagent. Each support was functionalized with 1.6 wt% Pt via photodeposition 
(PD) from aqueous PtCl4. Nicanite was also tested at a low Pt loading (0.15 wt%) to achieve 
highly dispersed Pt through a chemical reduction (CR) route (Zupeng Chen et al., 2017). 
 Cocatalyst Dispersion 
HAADF-STEM was used to image several areas of each Pt/g-CNxHy photocatalyst 
to investigate differences in Pt particle sizes on each support. On the Pt/g-CNxHys prepared 
via photodeposition, imaging took place after each photoreaction as the Pt nanoparticles 
are formed under reaction conditions. For the Pt/Nicanite prepared via chemical reduction, 
the powder was imaged before and after undergoing a photoreaction to confirm the 
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presence of single atoms and look for evidence of coarsening that may be associated with 
its steadily decreasing HER, respectively.  
Figure 5.4a-c shows representative images within the same field of view (1500 nm) 
of each g-CNxHy loaded with 1.6 wt% Pt via photodeposition following 5 hours of 
photoreaction under visible light (additional HAADF-STEM images can be found in Figure 
A32 in Appendix D). Nicanite (Figure 5.4a) appears to have much larger Pt nanoparticles 
than both urea-derived g-CNxHys (Figure 5.4b-c) with U240-gCN appearing to contain more 
small Pt particles compared to the other supports. At low magnification, the Pt/Nicanite 
prepared at a low loading (0.15 wt%) through chemical reduction does not appear to 
contain many Pt nanoparticles (Figure 5.4d). When imaged at much higher magnifications, 
the presence of single Pt atoms (i.e., Pt1) is revealed as shown in Figure 5.4e-f (for 
additional images see Figure A33). A very small fraction of the Pt particles resulting from 
chemical reduction on Nicanite are found as 2-3 nm crystalline particles. Surrounding each 
nanoparticle are Pt single atoms, which are more densely populated in the vicinity of the 
particles. This apparent aggregation may be promoted by the structural disorder within g-
CNxHys as the corresponding vibrational EELS show that N-H2 groups (serving as Pt 
adsorption sites) can be locally more concentrated in some regions (Figure 5.2) (Haiber & 
Crozier, 2018; V. W. hei Lau et al., 2017).  
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Figure 5.4 (a)-(c) HAADF-STEM images of the post-photoreaction Pt/g-CNxHy 
photocatalysts, each loaded with 1.6 wt% Pt via photodeposition: (a) Nicanite, (b) U240-
gCN, and (c) U30-gCN. (d) Low and (e)-(f) high magnification HAADF-STEM images, 
respectively, of the as-synthesized Nicanite photocatalyst containing 0.15 wt% Pt prepared 
via chemical reduction. 
Indeed, supported single atoms may become mobile under high-energy electron 
beams. This would present as horizontal streaking in HAADF-STEM images as the single 
atoms tend to move with the electron beam as it rasters across the field of view during 
image acquisition. Additionally, the g-CNxHy supports are beam sensitive with loss of N-
Hx groups occurring readily under scanned electron probes (Haiber & Crozier, 2018). Both 
may contribute to mobile Pt single atoms and cause additional aggregation to occur. Here, 
the pixel dwell time and magnification were kept at a minimum to produce sufficient 
signal-to-noise and spatial sampling of the features of interest. This is evidenced by the 
apparent stability and lack of streaking in the resulting HAADF-STEM images suggesting 
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that the observed aggregation resulted from the chemical reduction process. The powder 
XRD spectra of this sample (Figure A36) does not show any Bragg peaks associated with 
Pt, confirming this synthesis approach results in predominately Pt single atoms and small 
nanoparticles that are below the detection limit of conventional powder XRD. 
It is well known that single atom containing catalysts can coarsen leading to 
reduced activities (Jingyue Liu, 2017). Upon imaging the post-photoreaction Pt/Nicanite 
prepared using chemical reduction, evidence of a reduced dispersion was observed. Firstly, 
regions containing large Pt nanoparticles (as large as 13 nm) and Pt nanoparticle clusters 
were observed (Figure A34a-c).While several areas of the used photocatalyst resemble the 
dispersion of the fresh photocatalyst, characterized by isolated ~2-3 nm Pt nanoparticles 
surrounded by Pt single atoms, the extent of Pt single atoms surrounding each nanoparticle 
appears to be reduced (Figure A34d-f). Whereas in the fresh photocatalyst, the single atoms 
extend outwards from the Pt nanoparticles over 10’s of nm, in the used powder single atoms 
only extend out to ~1-5 nm. This qualitatively suggests that the reduction in HER over this 
photocatalyst is associated with a decrease in the number of surface reaction sites.  
Another interesting observation revealed from STEM imaging of the used 
photocatalysts containing photodeposited Pt is that the particle morphology was different 
on U240-gCN than on Nicanite or U30-gCN. Figure 5.5 compares bright field (BF) STEM 
images (at much higher magnification) of ~20-nm sized Pt particles observed on each 
support. On U240-gCN, what appear to be singular Pt particles at low magnification (as in 
Figure 5.4b) are in fact aggregates of several smaller particles (Figure 5.5a). This 
morphology was also observed throughout all areas of U240-gCN imaged with sufficient 
magnification (see Figure A35 for additional HAADF-STEM images). It is speculated that 
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the higher initial HER produced over this sample may be associated with a pre-aggregated 
Pt nanoparticle dispersion. As the photoreaction over U240-gCN continues, the Pt 
nanoparticles may have agglomerated forming what is observed in Figure 5.5a and thus 
decreasing the total number of active sites resulting in a lower HER. On the other hand, the 
singular particles observed on Nicanite and U30-gCN suggest the same type of Pt 
aggregation did not occur. The relatively stable HERs produced by these samples further 
support this hypothesis. Recent work has shown that light induced coarsening of Pt can 
take place during photocatalysis (L. Zhang et al., 2019). The mechanism is related to both 
induced photocurrents and photovoltages and the results here suggest that the strong 
driving force for H2 production may also give rise to significant coarsening, reducing the 
cocatalyst dispersion. Further work is required to fully explore the photoinduced 
coarsening phenomena in these materials.    
 
Figure 5.5 BF-STEM images of larger, photodeposited Pt particles on (a) U240-gCN, (b) 
Nicanite, and (c) U30-gCN. 
 Estimating Turnover Frequencies (TOFs) 
Due to the large variation in Pt dispersion observed on each support, the simple 
HER employed for Figure 5.3 is an inadequate metric to characterize photocatalytic 
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activity. As mentioned previously, smaller Pt particles can increase the reaction rate by 
increasing contact area with reactants, decreasing charge carrier diffusion lengths, and 
reducing kinetic barriers associated with charge transfer to reactants (Sieradzki et al., 2010; 
Wei et al., 2013). For simplicity, only the differences in the cocatalyst surface area were 
considered to estimate TOFs for H2 evolution over each sample. The TOF is defined as the 
rate of H2 produced per surface-exposed Pt atom. Firstly, Pt particle size distributions were 
produced from the HAADF-STEM images of each Pt/g-CNxHy (see Figure A37-Figure 
A38 and Appendix D for methodology and equations used) (Sosa, Huber, Welk, & Fraser, 
2014). Figure 5.6 plots size distributions of the photodeposited Pt nanoparticles/aggregates 
on each g-CNxHy and the size distribution of chemically reduced Pt on Nicanite. Between 
the samples involving photodeposition, the size distributions confirm that U240-gCN 
facilitates the most dispersed Pt species with an average aggregate size of 8.8 nm. The 
average Pt particle size on U30-gCN is 13.7 nm and highest on Nicanite at 17.6 nm. 
Comparatively, chemical reduction on Nicanite drastically improves the Pt dispersion 
resulting in predominately single atoms, dimers, and trimers as shown in the inset of Figure 
5.6.  
The total number of surface-exposed Pt atoms in each photocatalyst could be 
extrapolated based on the size distributions given in Figure 5.6 to yield active site densities, 
the number of surface-exposed Pt atoms per gram of g-CNxHy (see discussion in Appendix 
D and Table A5). The active site densities of photodeposited Pt are 2.0x1018, 6.0x1018, and 
3.5x1018 g-1 on Nicanite, U240-gCN, and U30-gCN respectively. When using chemical 
reduction on Nicanite, the active site density increased to 2.7x1018 g-1. The HERs were then 
normalized by the active site densities yielding TOFs for each photocatalyst (see Appendix 
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D). The TOFs for the photocatalysts prepared via photodeposition at a loading of 1.6 wt% 
Pt are 213, 146, and 103 h-1 for Nicanite, U240-gCN, and U30-gCN, respectively. For 
Pt/Nicanite prepared using chemical reduction at a loading of 0.15 wt%, the TOF is 196 h-
1. This shows that the two Nicanite samples had similar and the highest TOFs regardless 
of the Pt dispersion present.  
 
Figure 5.6 Pt particle size distributions, measured from HAADF-STEM images, 
associated with Pt/g-CNxHy photocatalysts loaded with 1.6 wt% Pt via photodeposition 
(PD) or 0.15 wt% Pt via chemical reduction (CR). Violin curves are placed to the right of 
the distributions corresponding to the samples prepared using PD. The upper-right inset 
shows a more detailed histogram for Pt/Nicanite prepared with CR showing the particle 
sizes corresponding to Pt single atoms, dimers, and trimers. 
 Structure-Activity Relationships 
There are many steps involved in photogenerated electron transfer to reactants: 
from the bulk to the surface, across the support-cocatalyst interface, and finally from the 
active sites to protons in water. The TOF is directly related to the final step and therefore 
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will depend on the ability of each g-CNxHy to facilitate charge generation/transport and the 
quality of the support-Pt interface. In the case of photodeposited Pt (which was applied to 
all three supports), a prerequisite for particle formation is that photogenerated charges must 
transfer from the surface to an adsorbed Pt ion (Wenderich & Mul, 2016). Thus, the 
support-metal interface formed via photodeposition must facilitate charge transfer and 
would unlikely act as a limiting factor in producing reacted electrons. However, the 
structural and optical properties of each g-CNxHy vary considerably therefore it is unclear 
which parameter most strongly influences photocatalytic activity. By comparing the 
stacking distance (which is directly related to mobility (Christoph Merschjann et al., 
2015)), bandgap energy, and hydrogen content to the TOFs of each Pt/g-CNxHy (Figure 
A39), the importance of each support-related factor can be ranked. This analysis shows 
that the stacking distance has the strongest linear correlation with the TOF characterized 
by an R2 value of 0.91. Figure 5.7a illustrates equivalent trends in the TOFs and mobilities 
with the stacking distances of each support (mobility data was estimated from Merschjann  
et al. and is summarized in Table A6) (Christoph Merschjann et al., 2015). This suggests 
that the mobility in the light-harvesting support strongly influences the number of 
photogenerated electrons that reach the reactants. The bandgap energy has a slightly 
smaller linear correlation with the TOF (R2 = 0.86), meaning that Nicanite’s ability to 
absorb more photons in the visible regime than both urea-derived compounds may also 
contribute to its higher TOF. A very weak correlation between the hydrogen content and 
TOF was found in this set of samples characterized by an R2 value of 0.39. This makes 
sense based on the interplanar hopping mechanism for electronic conduction in g-CNxHy 
which involves considerably large energy barriers (> 1 eV) for transferring charge to 
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neighboring heptazine units across linking N-H groups (Christoph Merschjann et al., 
2015). Overall, this means that more structurally condensed g-CNxHys would be the most 
active forms of this material for H2 evolution under visible light. 
 
Figure 5.7 (a) Correlation between the stacking distance in the g-CNxHy support with the 
TOF for H2 production (top) and mobility (bottom); CR and PD refer to chemical reduction 
and photodeposition methods, respectively, for Pt loading onto Nicanite. (Mobility data 
was estimated from Merschjann et al.(Christoph Merschjann et al., 2015).) (b) Active site 
density (left) and corresponding HERs (right) of each Pt/g-CNxHy photocatalyst. 
While maximizing the TOF for H2 production is important, the ensemble of 
photocatalyst particles must collectively achieve high HERs. Figure 5.7b compares bar 
 203 
 
charts of the active site densities and corresponding HERs of each Pt/g-CNxHy. From here, 
it becomes clear that the active site density (i.e., approximately the number of Pt atoms 
exposed to reactants) controls the HERs in this group of photocatalysts. On Nicanite, both 
photodeposition and chemical reduction resulted in considerably low active site densities 
(2.0x1018 and 2.7x1018 g-1, respectively) compared to U240-gCN (6.0x10
18 g-1) which also 
exhibited the highest HER. Despite possessing a high photocatalytic activity per active site, 
the low total number of active sites on Nicanite (3x less than that of U240-gCN) apparently 
limits its HER. For U30-gCN, the combined effect of a relatively low active site density 
(3.5x1018 g-1) and low TOF resulted in the lowest HER. As seen for U240-gCN, a moderate 
degree of condensation optimizes H2 production rates due to the balance between active 
site density and electronic mobility. 
The ability of different g-CNxHys to facilitate vastly different active site densities 
may be related to the surface distribution of N-H2 bonds. As pointed out by Lau et al., N-
H2 groups are the preferred adsorption sites for Pt on these materials (V. W. hei Lau et al., 
2017). For smaller degrees of structural condensation, the heptazine chains are likely much 
shorter and accompanied by a higher concentration of terminating N-H2 groups. This may 
explain the higher Pt dispersions observed on both urea-derived g-CNxHys which also have 
lower degrees of polymer condensation. Differences in the specific surface area of the 
supports could further exploit this effect. For example, the urea-derived g-CNxHys have a 
less dense, fluffy appearance (Figure A40, Appendix D) resulting from well-known bubble 
formation during synthesis which act as soft templates to form porous mesostructures (Y. 
Zhang, Liu, Wu, & Chen, 2012; Yu Zheng et al., 2017). On the other hand, Nicanite has a 
compact, dense texture indicative of a low specific surface area. The electronic mobility of 
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the support is also important in forming photodeposited Pt particles which is reflected by 
the lower Pt dispersion on U30-gCN compared to U240-gCN. As structural condensation 
continues, heptazine chains become extended meaning more hydrogen is involved in N-H 
bridges, resulting in a lower concentration of N-H2 and hence the low Pt dispersion found 
on Nicanite regardless of the functionalization method. Aside from this, structural disorder 
in these materials gives rise to spatial variations in the local bonding environment (Figure 
5.2), which may result in Pt accumulating in regions that are locally rich in N-H2. In the 
low-loading Nicanite photocatalyst, the “islands” of Pt nanoparticles and single atoms 
(Figure 5.4e-f) may be an indirect signature of N-H2 defect accumulation. There may even 
be an upper limit on the active site density possible in a given g-CNxHy, given by the 
surface density of N-H2 groups. 
These insights suggest that the g-CNxHy support facilitates competing effects 
between its optoelectronic properties (which improve with condensation) and active site 
density (which roughly decreases with condensation). Furthermore, a rational route for 
improving efficiencies in Pt/g-CNxHy photocatalysts may be to modify the most 
structurally condensed g-CNxHys, such that they can allow for a higher active site density 
and/or improved charge transfer across the support-cocatalyst interface. One example of 
this is in urea-modified g-CNxHys in which N-H2 groups are replaced by a urea moieties 
through a post-synthesis route which facilitates better interfacial charge transfer than native 
N-H2 defects (V. W. hei Lau et al., 2017). Liquid phase exfoliation of the g-CNxHy to 
increase its specific surface area may also facilitate higher Pt dispersions by maximizing 
its contact area with solution during solution-mediated deposition (S. Yang et al., 2013). 
Furthermore, any modifications to highly ordered g-CNxHy supports to increase the active 
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site density should only be made to the surface as introducing defects uniformly throughout 
the bulk that widen the interplanar stacking distance may also reduce electronic mobility 
and lower the TOF.  
5.4 Summary 
In summary, a series of differently condensed g-CNxHys functionalized with 
photodeposited Pt served as a model system for elucidating unintuitive trends in HER data. 
A key parameter to unravelling structure-function relationships in this system is the 
cocatalyst size distribution, which has commonly been overlooked in the relevant literature. 
By accounting for differences in the number of active sites on each Pt/g-CNxHy, the TOF 
of each photocatalyst was calculated which allowed the rate of electron transfer to reactants 
per active site to be evaluated. The TOFs steadily increase as the stacking distance in the 
light-harvest support was reduced (i.e., through increased condensation). This indicates 
that the electronic mobility, which proceeds via interplanar hopping of polarons (Christoph 
Merschjann et al., 2015), strongly influences the number of photogenerated electrons that 
reach reactants. However, the HERs associated with the most active form of g-CNxHy was 
limited by its low active site density regardless of the Pt functionalization method used. 
This implies that the degree of condensation in the g-CNxHy support facilitates competing 
effects between its TOF and active site density. Furthermore, this example illustrates the 
challenge associated with creating a system that simultaneously optimizes the charge 
generation/transport and cocatalyst configuration. To rationally improve the performance 
in g-CNxHy photocatalysts, we propose modifying the surface of highly condensed forms 
to introduce additional Pt adsorption sites. This could increase the active site density while 
preserving high electronic mobilities.  
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 Exploring Local Structures and Optical Properties of Mixed Metal Oxide 
Interfaces in TiO2/CeO2-x Photocatalysts 
Abstract 
Mixed metal oxide particulate photocatalysts based on TiO2-supported CeO2-x offer 
a unique approach for achieving photocatalytic water splitting under visible light. Many 
structural heterogeneities exist in the morphology of supported CeO2-x species, 
necessitating high spatial resolution techniques to reveal the local optical properties 
associated with the interfaces. In this study, Ce is loaded onto size-controlled anatase 
supports and the bulk and nanoscale properties are examined in addition to the 
photocatalytic performances. The results show the critical effect of the TiO2 support size 
in facilitating highly dispersed CeO2-x species, which results in strong visible light 
harvesting and a higher fraction of reduced Ce. However, the enhanced visible light 
absorption does not promote photodeposition of Pt under visible light, implying that the 
generated charge carriers undergo fast recombination. Under both ultraviolet and visible 
light irradiation (using photodeposited Pt as cocatalyst), the TiO2/CeO2-x composites 
containing small support particles demonstrates >2x the H2 evolution rate as that with large 
supports. Preliminary analysis of the local optical properties of the composites containing 
highly dispersed CeO2-x species reveals a continuum of electronic transitions occurring 
with energies as low as 0.5 eV and up to the bandgap onset energy of TiO2.  
6.1 Motivation 
As discussed in Chapter 1, producing solar fuels using particulate photocatalysts 
represents a desirable solution to addressing renewable energy generation and storage. 
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Historically, TiO2 has become a widely studied system because of its abundance and 
stability in water yet its bandgap of 3.2 eV is not suited to the solar spectrum (Fujishima et 
al., 2008; Linsebigler, Lu, & Yates, 1995). Wide bandgap oxides have shown exceptional 
AQYs under ultraviolet light which can be as high as 30-71% for optimal formulations and 
cocatalysts (Ham, Hisatomi, Goto, Moriya, & Sakata, 2016; H. Kato, Asakura, & Kudo, 
2003; Sakata, Hayashi, Yanaga, & Imamura, 2015). While these metal oxides provide a 
strong thermodynamic driving force for water splitting reactions, their solar to hydrogen 
efficiencies are fundamentally limited making them unviable for producing cost 
competitive H2 fuel at present (Shanshan Chen et al., 2017; Maeda & Domen, 2010). Thus, 
significant attention has been put into developing visible light absorbing systems 
(summarized in Section 1.3).  
As pointed out by Garcia-Esparza and colleagues, charge carrier transport to 
surface active sites becomes more difficult when using visible light absorbing 
semiconductors (Garcia-Esparza & Takanabe, 2016). This is because the absorption 
coefficient is a function of photon energy, and for semiconductors decreases as a function 
of photon wavelength, becoming negligible near the absorption edge onset. As a result, 
charge carriers generated from ultraviolet photons form close to the surface whereas visible 
light penetrates deeper into the particles before being completely absorbed. In this view, 
visible light absorbers are susceptible to bulk recombination as they require longer 
diffusion lengths for charge carriers to reach the surface. This concept has motivated a 
variety of hierarchical photocatalyst designs wherein the light absorbers are placed directly 
on the surface either through defect formation, dye sensitization, or depositing plasmonic 
metal nanoparticles for example (Xin Li et al., 2015). Notably, the TiO2 light harvesting 
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supports can accommodate a variety of surface defects such as oxygen vacancies and Ti3+ 
color centers that boost visible light absorption and photocatalytic H2 production 
(Zywitzki, Jing, Tüysüz, & Chan, 2017). One of the more remarkable approaches involves 
coupling two metal oxides together, such as TiO2 and CeO2, to form mixed metal oxide 
(MMO) interfaces between the two immiscible phases (Fang et al., 2007; Fiorenza, 
Bellardita, Barakat, Scirè, & Palmisano, 2018; Fiorenza et al., 2016; C. Han et al., 2017; 
Kundu et al., 2012; Luo et al., 2015; Magesh et al., 2009; Muñoz-Batista, Gómez-Cerezo, 
Kubacka, Tudela, & Fernández-García, 2014; Jose A Rodriguez & Stacchiola, 2010; 
Xiaofeng Wang, Jin, & Liang, 2017).   
There are several aspects of MMO systems that contribute to their enhanced 
catalytic and photocatalytic properties compared to the component oxides alone 
(Fernández-García, Martínez-Arias, Hanson, & Rodriguez, 2004; Jose A Rodriguez & 
Stacchiola, 2010). Importantly, the interfacial region can facilitate lattice strain or changes 
in the oxidation state of cations which can produce additional electronic states compared 
to the individual materials (J. B. Park et al., 2009; José A Rodriguez, 2003). In the case of 
15 wt% Ce deposited onto anatase TiO2 particles, the interfacial region between the support 
and CeO2 particles becomes enriched in Ce
3+ and exhibits significant cation mixing over a 
length scale of 1.2 nm as measured through electron energy-loss spectroscopy (EELS) in a 
scanning transmission electron microscope (STEM) (Kundu et al., 2012). Lowering the Ce 
loading to 6 wt% increased the fraction of Ce3+, which was revealed with near-edge X-ray 
absorption spectroscopy. Anatase TiO2/CeO2-x composites exhibit red-shifts in the optical 
absorption edge and are active for H2/O2 evolution under visible light irradiation when Pt 
was loaded as a cocatalyst through impregnation (Kundu et al., 2012; Luo et al., 2015). 
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Thus, the formation of MMO interfaces and use of noble metal cocatalyst is a promising 
strategy for achieving visible light photocatalytic activity on the anatase TiO2 particles.  
The electronic band structure of TiO2/CeO2-x composites have been studied using 
ultraviolet photoemission spectroscopy and density functional theory on model systems of 
CeOx deposited on rutile TiO2(110) surfaces (Graciani et al., 2010; J. B. Park et al., 2009). 
Occupied (valence) levels with binding energies of ~2.5 eV were detected and attributed 
to the Ce-4f levels associated with Ce3+ (J. B. Park et al., 2009). According to this work, a 
mechanism was proposed by Kundu et al. to explain the activity of anatase TiO2-supported 
CeO2-x composite particles wherein a partially filled Ce-4f state is situated between the 
bandgap of the TiO2 support (Kundu et al., 2012). This Ce-4f level, acting as a 
donor/accepter state, sits 1.00 eV above the valence band maximum of the underlying 
anatase TiO2 and essentially reduces the bandgap for exciting charge carriers in the 
interfacial region. While this mechanism is compelling, direct measurements of the optical 
electronic structures on actual anatase TiO2/CeO2-x photocatalyst particles has yet to be 
performed, which is important for corroborating the modified electronic structure. 
Furthermore, Johnston-Peck and coworkers used high-angle annular dark field (HAADF) 
STEM imaging to explore a variety of supported CeO2-x morphologies on anatase TiO2 
particles at a loading of 6 wt% Ce (Johnston-Peck et al., 2013). Three distinct morphologies 
were revealed including disordered clusters, epitaxial chains, and CeO2-x particles. Thus, 
the composite particles used for photocatalysis seem to involve a high degree of structural 
heterogeneities. Each MMO interface associated with the different supported CeO2-x 
morphologies may then possess a unique electronic structure depending on the specific 
environment of the Ce3+ cations. As such, high spatial resolution techniques to probe the 
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optical electronic structures could provide insights into the relevant structure-function 
relationships operating within this system. 
In this chapter, TiO2/CeO2-x composite nanoparticles prepared with different TiO2 
support particle sizes are characterized with a variety of complimentary techniques to 
understand both the bulk and nanoscale properties. X-ray diffraction (XRD) and optical 
diffuse reflectance spectroscopy are used to characterize the bulk structure, particle sizes, 
and changes in light absorption resulting from Ce loading. HAADF-STEM and core-loss 
EELS imaging are used to compare the dispersions, morphologies, and relative oxidation 
state of supported CeO2-x on the size-controlled supports. Monochromated STEM-EELS 
and HAADF imaging are correlated to explore the local electronic transitions occurring in 
the visible regime on the TiO2/CeO2-x powder involving small supports. The photocatalytic 
H2 evolution rates are further analyzed by functionalizing the supports with photodeposited 
Pt cocatalyst. Due to a lack of H2 evolution detected under visible light from the powders, 
inductively coupled plasma mass spectroscopy (ICP-MS) is used to compare changes the 
aqueous Pt concentration in the photoreactor supernatant when both composite powders 
are exposed to visible light. In this way, evidence of Pt photodeposition via the ICP-MS 
measurements serves as an indirect signature of photogenerated electrons that have reached 
the surface, becoming “chemically useful” for photocatalytic reactions. The results show 
the critical effect of the TiO2 support size in facilitating highly dispersed CeO2-x species 
which results in strong visible light harvesting and enhanced H2 evolution rates. 
Preliminary evidence showing the presence of bandgap states in the visible regime is 
revealed, whose intensity correlates with the local concentration of supported CeO2-x. The 
incongruence between optical absorption spectra and the valence EELS is also discussed.  
 211 
 
6.2 Experimental 
 Synthesis 
Large and small anatase supports (TiO2(L) and TiO2(S), respectively) were 
synthesized using a two-step hydrothermal procedure as described in Section 2.1.3. Ce was 
loaded via wet impregnation from cerium nitrate hexahydrate at a nominal concentration 
of 6 wt%; for a full description refer to Section 2.1.4. The Ce loaded samples are referred 
to as Ce-TiO2(L) and Ce-TiO2(S) when referring to the larger and smaller support particles, 
respectively. 
 Bulk Characterization 
The as-synthesized TiO2 anatase supports and TiO2/CeO2-x composites were 
characterized with powder XRD and optical diffuse reflectance spectroscopy. XRD was 
carried out on a Siemens D-5000 powder X-ray diffractometer using the following 
parameters: Co-Kα X-ray source (λ = 0.178897 nm), step size = 0.01°, step time = 0.5 
seconds. A Perkin Elmer Lambda 18 spectrophotometer with a diffuse reflectance 
integrating sphere was used to produce Kubelka-Munk spectra (proportional to 
absorbance) over the wavelength range of 250-800 nm (step size = 2 nm, scan rate = 240 
nm/min, slit = 4 nm).  
 STEM Imaging and Core-Loss EELS 
A JEOL ARM200F STEM with a probe corrector was used to acquire HAADF 
images and core-loss EELS of the as-synthesized TiO2/CeO2-x composite nanoparticles. 
The accelerating voltage is at 200-kV which helps to enhance the atomic-number contrast 
in the HAADF images. The following relevant parameters were used for probe formation 
and image acquisition: probe size = 8C, condenser aperture = 40 µm, camera length = 8 
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cm. The spectrometer entrance aperture for core-loss EELS was set to 2.5 mm and a 
dispersion of 0.5 eV/channel was used. To prepare TEM samples, the powders were dry 
loaded onto a 200-mesh Cu grid coated with thin holey carbon (Pacific Grid Tech). 
 Measurement of H2 Evolution Rates 
The photocatalytic HERs resulting from the water reduction half reaction assisted 
by sacrificial reagent were measured for both TiO2/CeO2-x composites. Similar to the 
methods described in Section 5.2.4 for performing photoreactions with Pt/g-CNxHys, 30 
mg of the photocatalyst powder was added to the reactor. Triethanolamine was used as a 
sacrificial reagent at a concentration of 20 vol% (e.g., 8 mL of triethanolamine + 32 mL of 
DI water) and an appropriate amount of PtCl4 equivalent to a nominal loading of 0.5 wt% 
was stirred into the reactor solution prior to starting a photoreaction. A 450-W Xe arc lamp 
was used as the illumination source with the option of inserting a 400-nm longpass filter to 
eliminate UV light. For a full description of the photoreactor apparatus/operation refer to 
Section 2.2.  
 Pt Functionalization 
To contrast previous work in the relevant literature wherein impregnation is the 
chosen loading method, photodeposition was used to functionalize the TiO2/CeO2-x 
composites with H2 evolution sites. An appropriate amount of aqueous PtCl4 stock solution 
for a nominal loading of 0.5 wt% was thus added to the photoreactor prior to beginning the 
photoreaction (i.e., turning the light on). During the photoreaction, the longpass filter was 
initially inserted, which only allows light of wavelength greater than 400 nm to illuminate 
the particles. This is believed to ensure Pt is selectively deposited near the MMO interfaces 
which should generate charge carriers from visible light photons (see Figure A45 in 
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Appendix E). However, no H2 gas was detected under visible light irradiation within one 
hour, therefore the photoreaction was allowed to continue with the longpass filter out which 
exposed the powder to ultraviolet and visible light. Any undeposited Pt ions in solution 
could therefore be photodeposited by photogenerated electrons created in the bulk of the 
TiO2 or CeO2 particles via UV photon absorption.  
Because no H2 production was detected under visible light from both powders, a 
separate experiment utilizing ICP-MS was performed to compare changes in the aqueous 
Pt concentration occurring when both composite powders were exposed to visible light. 
Essentially, this test was used to answer a critical question: is the lack of evolved H2 
detected under visible light due to the low sensitivity of the photoreactor/GC system or a 
lack of charge carriers reaching the surface of the particles? Besides photodeposition, small 
changes in the aqueous Pt concentration of the photoreactor may occur due to Pt ions 
sticking to the beaker sidewalls. Thus, the Pt concentration change occurring after 
irradiation of Ce-TiO2(L) served as a control since the sample exhibits no bulk visible light 
absorption therefore photodeposition under visible light is not expected. Following this 
argument, a greater drop in the aqueous Pt concentration after illuminating the Ce-TiO2(S) 
powder with visible light would therefore indicate successful photodeposition which is 
indicative of chemically useful charge carrier generation. Since the initial photoreaction 
was carried out over a continuous period wherein the photoreactor was illuminated first by 
visible light followed by ultraviolet plus visible light (i.e., longpass filter removed), a 
separate run was needed to evaluate if Pt photodeposition occurred only under visible light. 
In this case, a nominal loading of approximately 1.70 wt% Pt was employed. A small 
quantity (5 mL) of the photoreactor supernatant was extracted before and after the duration 
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of a one-hour photoreaction under visible light (λ > 400nm) to provide Pt concentrations 
before and after light exposure. Each liquid sample was then prepared for ICP-MS 
following the procedures described in Section 2.3.5. Pt concentrations were measured five 
times from both the pre- and post-irradiation liquid samples associated with the Ce-TiO2(S) 
and Ce-TiO2(L) powders. The standard deviation between the five measurements of each 
batch allowed a baseline uncertainty to be established; differences between the averaged 
pre- and post-irradiation concentrations associated with each sample could be compared to 
this baseline to assess significance of the Pt concentration changes. In all cases, the actual 
difference in Pt concentration measured before and after visible light irradiation for one 
hour exceeded the measurement uncertainty by one to two orders of magnitude. 
 Monochromated STEM-EELS 
The local optical properties of the Ce-loaded TiO2(S) powder were explored using 
a Nion UltraSTEM-100 operating at 60 kV. A lower accelerating voltage was selected to 
maximize the EELS signal because the inelastic scattering cross sections tend to decrease 
with accelerating voltage (R.F. Egerton, 2008a). Firstly, areas containing different CeO2-x 
morphologies (e.g., nanoparticles, single atoms) were recorded by inspecting HAADF 
images from several regions of the TEM grid. (It should be noted that the HAADF images 
from this microscope are generally of lesser quality than that of the JEOL ARM 200F 
because the lower accelerating results in a larger probe size and shorter fast electron mean 
free path.) Next, the monochromator slit was inserted for purposes of STEM-EELS 
measurements of the valence regime (energy-loss = 1-6 eV) of each area located 
previously. The quality of the monochromated images is very poor due to a low signal-to-
noise ratio, therefore the beam positions for STEM-EELS are represented on the reference 
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images taken with the unmonochromated beam. For EELS acquisition, the following 
parameters were used: convergence angle = 30 mrad or 33 mrad, spectrometer entrance 
aperture = 15 mrad or none, spectrometer dispersion = 5 meV/channel.  
6.3 Results and Discussion 
 Bulk Properties of TiO2/CeO2-x Powders 
Powder XRD patterns of the as-synthesized TiO2 powders and the TiO2/CeO2-x 
composites are displayed in Figure 6.1a-b. Vertical reference lines in the figures 
correspond to the Bragg peak positions for bulk TiO2 anatase and CeO2 fluorite. As can be 
seen by the peak positions in the XRD patterns for TiO2(L) and TiO2(S), phase pure anatase 
is achieved through the hydrothermal synthesis route applied to a commercial powder 
containing a mixture of anatase and rutile. The as-synthesized larger support particles, 
TiO2(L), have an average size of 66 nm according to Scherrer analysis (Fultz & Howe, 
2008). The batch of smaller anatase particles, TiO2(S), have an average size of 14 nm. 
Upon Ce impregnation and subsequent calcinations, the anatase crystallites in the TiO2(L) 
sample coarsened to an average size of 85 nm. Minimal size change was observed for 
TiO2(S) with a final average particle size of only 15 nm. Therefore, a large difference in 
the support mean particle size has been maintained throughout the Ce loading processes. 
A very weak Bragg peak at ~33°, attributed to the (111) planes of CeO2 fluorite, was 
observed in the XRD pattern from Ce-TiO2(L) (Figure 6.1a). The broadening of the peak 
is consistent with an average crystallite size of 10 nm (Figure A41, Appendix E) suggesting 
the presence of supported CeO2 nanoparticles. On the other hand, no CeO2 Bragg peaks 
were observed in Ce-TiO2(S). 
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Figure 6.1 (a)-(b) Powder XRD patterns of as-synthesized TiO2 supports and TiO2/CeO2-
x composites associated with the (a) large support particles, TiO2(L), and (b) small support 
particles, TiO2(S). (c)-(d) Kubelka-Munk diffuse reflectance spectra (proportional to 
absorbance), f(R), of (c) the large support particles and (d) small support particles both 
before and after Ce loading. 
Using diffuse reflectance spectroscopy, the bulk optical absorption properties of the 
powders were also monitored throughout the synthesis process. Figure 6.1c-d compares the 
normalized Kubelka-Munk spectra, f(R), from each powder. Absorption onset energies 
were estimated by fitting the linearly increasing portion of the spectra and extrapolating to 
the wavelength axis (Figure A42). In the as-synthesized TiO2 powders, the absorption 
edges occur at 383.6 nm (3.23 eV) and 389.8 nm (3.18 eV) for TiO2(L) and TiO2(S), 
respectively. Both values are consistent with the optical bandgap of anatase TiO2 which is 
equal to 3.2 eV (Fujishima et al., 2008). Upon Ce loading onto TiO2(L), the absorption 
onset position remains essentially unchanged at 387.9 nm (3.20 eV) which is consistent 
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with its white appearance as indicated in the inset of Figure 6.1c. A significant red shift in 
the absorption onset energy to 469.6 nm (2.64 eV) and a white-to-yellow color change is 
observed in Ce-TiO2(S) (Figure 6.1d). The color change was noticed during the wet 
impregnation step and a saturated yellow color remained throughout the calcination process 
indicating that Ce3+ color centers are formed early in the synthesis process. 
Prior to impregnation, both TiO2(L) and TiO2(S) were pretreated by calcining in air 
at 350°C for five hours to promote oxygen vacancy filling at the surface of the particles. 
Assuming this occurred uniformly on both powders, the significant differences in the bulk 
optical properties after Ce loading may be due to differences in Ce dispersion (i.e., the 
dispersion of MMO interfaces) rather than intrinsic defects on the TiO2 surfaces. For 
example, evidence for relatively large supported CeO2 nanoparticles is found on Ce-
TiO2(L) (Figure 6.1a, Figure A41) suggesting a poor dispersion whereas no CeO2 Bragg 
peaks were detected from Ce-TiO2(S). However, visible light absorption is achieved on 
Ce-TiO2(S) suggesting the presence of Ce
3+ (Kundu et al., 2012; Luo et al., 2015). Since a 
wet impregnation process is used with an excess amount of solution, adsorption effects 
(rather than capillary forces) should dominate the interaction of aqueous Ce3+ ions with the 
anatase surfaces in solution (Munnik, Jongh, & Jong, 2015). Adsorption may take place 
via Coulombic forces wherein the ions form a shell about the particles to compensate for 
the support’s surface charge or through direct interactions with surface hydroxyls 
(Bourikas, Kordulis, & Lycourghiotis, 2006). Zeta potential studies on TiO2 particles of 
various size and morphology indicate that size effects can influence the surface charge state 
(D. L. Liao, Wu, & Liao, 2009). This was explained by the differences in surface area and 
adsorption strengths of hydroxyl groups which results from differences in surface energies 
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achieved through the size/shape-controlling growth process. Therefore, the TiO2(S) and 
TiO2(L) particles may have different surface charges that influence the adsorption and 
dispersion of Ce precursor during impregnation.  
 Supported CeO2-x Morphologies 
To investigate the dispersions and morphologies of CeO2-x species formed via 
impregnation and calcination, aberration-corrected HAADF-STEM images at 200 keV 
were obtained from the Ce-loaded anatase powders. The large atomic number difference 
between Ce (Z = 58) and Ti (Z = 22) makes the HAADF signal ideal for identifying the 
bright image contrast as supported CeO2-x. Aberration correction was utilized to provide a 
sub-angstrom sized probe allowing for single atom Ce to be resolved. Due to the low atomic 
number of oxygen (Z = 8), the oxygen coordination environment in nonperiodic Ce 
structures or the interfaces cannot be determined. The core-loss EELS signal was also 
collected from several areas of each powder using a defocused probe. The Ce-M5,4 edge 
contains two peaks (also referred to as “white lines”) whose integrated intensity ratio can 
be used to compare the relative oxidation state of Ce on the different supports (Sharma, 
Crozier, Kang, & Eyring, 2004; R. Wang, Crozier, Sharma, & Adams, 2008). 
Figure 6.2 presents representative images of the TiO2/CeO2-x composites 
illustrating the differences in Ce dispersion on the large and small supports. Firstly, the 
larger support particle size in Ce-TiO2(L) is confirmed. The TiO2(L) particles have an 
elongated morphology which is expected of the high-pH hydrothermal treatment (Nian & 
Teng, 2006). The support particle from Ce-TiO2(L) shown in Figure 6.2a has approximate 
dimensions of 60 nm by 175 nm. The supported CeO2 particles can easily be identified by 
their brighter contrast and are approximately 6-9 nm in size, consistent with the XRD 
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Scherrer analysis. In this sample, most of the CeO2 particles were stabilized as aggregates 
suggesting a poor interfacial contact between the complementary metal oxides. Additional 
images of the CeO2 particles found on TiO2(L) can be found in Figure A43 in Appendix E. 
In contrast, when the Ce-TiO2(S) powder is viewed over an equivalent field of view as the 
Ce-TiO2(L) sample (Figure 6.2b), no large CeO2 particles can be readily identified. The 
size of the supporting TiO2(S) particles is confirmed by the HAADF-STEM imaging which 
demonstrates particle sizes on the order 15-25 nm (Figure A44).When viewed at high 
magnification, a variety of highly dispersed Ce species are observed throughout the 
TiO2(S) supports including predominately single atoms and non-aggregated CeO2 particles 
which are characteristic of a stronger interface as shown throughout Figure 6.2c. In 
addition, ordered chains and nonperiodic clusters situated at junctions between TiO2 
particles were observed which is consistent with previous observations of these types of 
composite particles (Johnston-Peck et al., 2013). It should be noted that the structures were 
quite stable under the scanned electron probe indicating that they were present upon 
synthesis and not formed as a result of radiation damage. 
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Figure 6.2 HAADF-STEM images of the CeO2-x dispersions on (a) Ce-TiO2(L) and (b) 
Ce-TiO2(S) viwed at low magnification over equivlalent fields of view. (c) Several high 
resolution HAADF-STEM images from Ce-TiO2(S) demonstrating the variety of 
supported CeO2-x morphologies such as chains, clusters, particles, and single atoms. 
Figure 6.3 displays representative energy-loss spectra obtained from both powders 
using a defocused probe which illuminated regions covering ~50 nm. This configuration 
allowed for a strong Ce signal to be collected without causing significant damage to the 
supported structures because a large area of the particle aggregates were illuminated by the 
beam. In the energy-loss spectra shown in Figure 6.3,  the Ti-L3,2, O-K, and Ce-M5,4 edges 
can be readily identified. Additionally, the relative intensities of the Ce white lines are 
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opposite for Ce-TiO2(L) (Figure 6.3a) and Ce-TiO2(S) (Figure 6.3b). As CeO2 particles 
become reduced (e.g., by exposure to H2 gas at elevated temperatures), the M5/M4 intensity 
ratio will increase due to the oxidation state of Ce changing from 4+ to 3+ (Sharma et al., 
2004). Similarly, the formation of MMO interfaces between TiO2 and CeO2 can also 
stabilize Ce3+ (Luo et al., 2015). Therefore, the background was subtracted from the Ce 
signal, using an inverse power law fit over a window size of 100 eV preceding the edge, to 
obtain integrated intensity ratios of the M5 and M4 peaks. Each peak was integrated over a 
window size of 10 eV. For Ce-TiO2(L) and Ce-TiO2(S), respectively, the M5/M4 integrated 
intensity ratios are 0.76 ± 0.06 and 0.88 ± 0.08. This means that on average, there is a 
higher proportion of reduced Ce on the small anatase supports compared to that of the 
larger particles. A greater fraction of Ce in a reduced state is in agreement with the highly 
dispersed CeO2-x species observed on TiO2(S). Thus, the small anatase supports facilitate 
a greater dispersion of MMO interfaces which is evidenced by the higher M5/M4 ratio and 
red-shifted absorption onset. 
 
Figure 6.3 Representative core-loss EELS from (a) Ce-TiO2(L) and (b) Ce-TiO2(S) taken 
with a defocused STEM probe.  
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 Photocatalytic H2 Production 
The presence of highly dispersed CeO2-x found on TiO2(S), a greater fraction of 
reduced Ce, and its redshifted absorption onset energy points to the role of MMO interfaces 
in facilitating visible light absorption. Yet it is equally important to verify if these 
modifications increase the functionality of the photocatalysts and therefore H2 evolution 
rates (HERs) were measured from both Ce-TiO2(S) and Ce-TiO2(L) under visible light (λ 
> 400 nm) and UV+visible irradiation (i.e., longpass filter out). Photodeposition was 
selected as the Pt functionalization method because when performed under visible light, 
the Pt should be selectively deposited near the MMO interfaces as shown in Figure A45 in 
Appendix E. Because the redox level for the Pt precursor sits between the proposed position 
of the Ce-4f level and TiO2’s conduction band minimum (i.e., Eº(PtCl42-/Pt) ≈ 0.76 V vs 
NHE), photogenerated electrons induced by transitions from the bandgap state into TiO2’s 
conduction band are expected to participate in visible light mediated photodeposition. 
Photoexcited electrons promoted from TiO2’s valence band into the Ce-4f state would 
therefore not be able to facilitate photodeposition under visible light. A low nominal 
loading of 0.5 wt% was selected to avoid potential shadowing of the support due to build-
up of metal species. 
Figure 6.4 tracks the HERs recorded during six-hour photoreactions performed 
with each TiO2/CeO2-x composite. Initially, a longpass filter was inserted into the light 
source to constrain the incident radiation to wavelengths greater than 400 nm to initiate 
photodeposition and H2 evolution under visible light only. However, under these 
conditions, no H2 was detected which was firstly attributed to the low sensitivity of the 
continuous flow configuration of the photoreactor. (A closed photoreactor wherein gas can 
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build up over several hours will be used in future studies to avoid this issue.) It should be 
noted that significant HERs have been detected under visible light irradiation from 
similarly prepared TiO2/CeO2-x composites with impregnated Pt cocatalyst (rather than 
photodeposited Pt) when using photoreactors that allow the produced gases to accumulate 
(Kundu et al., 2012; Luo et al., 2015). Therefore, another possibility for the lack of H2 
detected under visible light irradiation here may be due to a deficiency of active sites 
resulting from incomplete or no photodeposition of the cocatalyst component.  
To investigate this possibility, the change in Pt concentration in the photoreactor 
supernatant resulting from visible light irradiation of either powder was evaluated using 
ICP-MS (the results are summarized in Table A7 in Appendix E). In this instance, the 
nominal loading was higher than in the original photoreaction experiments at 
approximately 1.70 wt% because a very small amount of each powder (<10 mg) was 
leftover for these additional experiments. This discrepancy however does not impede one 
from comparing the change in Pt concentration in the photoreactor supernatant following 
irradiation. Interestingly, the ICP-MS analysis indicated that the aqueous Pt concentration 
dropped by 16% and 14% when exposing Ce-TiO2(S) and Ce-TiO2(L), respectively, to the 
visible light irradiation. If this change in concentration is assumed to result from 
photodeposition under visible light, then the actual Pt loadings are equal to 0.27 and 0.23 
wt% for Ce-TiO2(S) and Ce-TiO2(L), respectively. However, considering the roughly 
equal and nominal change in Pt concentration found for both powders and knowing that 
Ce-TiO2(L) does not absorb in the visible (Figure 6.1c), it is more likely that non-
photodeposition processes are causing the observed Pt concentration changes in solution 
for both samples. For example, a small amount of Pt ions may have become adhered to the 
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sidewalls of the glass container during the photoreaction thus lower the amount in solution 
after one hour of irradiation. As such, this implies that the highly dispersed CeO2-x can 
simply facilitate visible light absorption but does not produce reactive charge carries, 
presumably due to rapid recombination. This is consistent with previous observations 
showing that Ce-loaded TiO2 that is not functionalized with Pt cocatalyst is inactive for H2 
or O2 evolution under visible light (Kundu et al., 2012). Despite the attractiveness of 
photodeposition as a selective functionalization method for cocatalyst, impregnation seems 
to be the prevailing method for creating reactive charge carriers under visible light on 
TiO2/CeO2-x photocatalysts.  
 
Figure 6.4 H2 evolution rates (HERs), per mass of photocatalyst, of Ce-loaded TiO2 
supports under visible (λ > 400 nm) and UV+visible irradiation. Reactor solution contained 
20 vol% of methanol as a sacrificial reagent and PtCl4 precursors equal to a nominal 
loading of 0.5 wt%. 
In the later portion of the photoreaction wherein the powders were exposed to both 
UV and visible photons, significant differences in the HERs were observed between the 
two powders. The remaining Pt ions in solution after the initial visible-light-only irradiation 
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were likely photodeposited onto the TiO2 supports through the generation of electrons from 
UV photons and subsequent transport to the surface, which occurs easily in TiO2 (Ohyama, 
Yamamoto, Teramura, Shishido, & Tanaka, 2011). Once the Pt particles are anchored to 
the TiO2 surface, they may impede recombination by scavenging photogenerated electrons 
(J. Yang et al., 2013). If the Pt particles are in close proximity to the MMO interfaces, 
visible light generated electrons resulting from the localized Ce-4f levels may also be 
scavenged as is the case with impregnated Pt on TiO2/CeO2-x composites (Kundu et al., 
2012). 
The initial transient in HERs seen in Figure 6.4, occurring between 80 and 110 
minutes, are attributed to mass transport in a continuously-stirred tank reactor (K. Han et 
al., 2017; Zoontjes et al., 2016). After the initial transient, the HERs associated with Ce-
TiO2(S) were twice to ten times that of Ce-TiO2(L) over the four hours of light irradiation. 
This most likely results from a combination of effects acting in Ce-TiO2(S). These may 
include the ability to generate more e--h+ pairs by its redshifted absorption onset, the 
smaller support particle size which can maximize contact with reactants, or differences in 
Pt dispersion (i.e., active site density). Further studies are needed to pinpoint what 
contributes to the improved HER over Ce-TiO2(S) which are discussed in Chapter 7. Both 
powders also suffered extreme deactivation characterized by a reduction in the HERs by 
66% and 92% (relative to the peak HERs) for Ce-TiO2(S) and Ce-TiO2(L), respectively. 
At least one contribution to this deactivation would be from photoelectrochemical Ostwald 
ripening of Pt particles on the TiO2 surfaces (L. Zhang et al., 2019). Further analysis would 
also be needed to completely understand the deactivation mechanisms acting in this system. 
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 Detection of Interfacial Bandgap States 
As shown previously, the highly dispersed form of CeO2-x on small TiO2 anatase 
supports is associated with enhanced visible light absorption and increased functionality 
for photocatalytic H2 production. To more deeply explore the role of MMO interfaces, 
monochromated STEM-EELS was performed on Ce-TiO2(S) to obtain local optical spectra 
associated with various supported CeO2-x morphologies. Valence energy-loss spectra are 
generated by electronic excitations in the specimen involving valence to conduction band 
transitions or excitations into/from bandgap states. Thus, the spectral shape of the valence 
EELS for a single scattering event can be approximated by a joint density of states (JDOS) 
between the valence and conduction bands (Bowman et al., 2016; R.F. Egerton, 2008a; 
Qianlang Liu et al., 2017). In other words, a convolution between the filled valence band 
and unfilled conduction band density of states is a simple approximation to the valence 
EELS intensity. The small scattering angles used here favors dipole-allowed transitions, 
which would include the O-2p → Ti-3d (i.e., the TiO2 bandgap onset at an energy-loss of 
~3.2 eV) and Ce-4f → Ti-3d (i.e., a minimum energy-loss of ~2.2 eV) transitions (R.F. 
Egerton, 2008a). The O-2p → Ce-4f transitions, corresponding to energy-losses of ~1-eV, 
would be allowed if significant hybridization between these orbitals occurs. The yellow 
color of the Ce-TiO2(S) powder and corresponding lack of optical absorption at photon 
energies of ~1 eV (Figure 6.1d) suggests that these later transitions involving the bandgap 
states are very weak, possibly due to poor hybridization between the O-2p states associated 
with TiO2 and Ce-4f levels. At any rate, the valence EELS configuration employed here 
should be capable of exploring the relevant electronic excitations in this system. A key 
advantage of this technique is the ability to detect bandgap states from individual particles 
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providing direct evidence of the proposed Ce-4f states that are responsible for visible light 
absorption. Furthermore, heterogeneities in the bandgap states may be revealed by 
obtaining local energy-loss spectra from different supported CeO2-x morphologies. An 
aloof-beam configuration was also used wherein the convergent electron probe sits a few 
nanometers outside the particle’s edge while the energy-loss signal is acquired (Crozier, 
2017). This approach increases sensitivity to signals originating from the surface while 
radiation damage is dramatically reduced (R. F. Egerton, 2015; Haiber & Crozier, 2018; 
Rez et al., 2016). 
 
Figure 6.5 Monochromated STEM-EELS from area 1 of Ce-TiO2(S) containing both CeO2 
nanoparticles and Ce single atoms (Ce1): (a) STEM-HAADF image (acquired before 
inserting monochromator slit) of region and beam locations 1-4 used for obtaining energy-
loss spectra. (b) Raw EELS data and (c) background subtracted spectra from locations 1-
4. 
The first area investigated with monochromated EELS is displayed in Figure 6.5a. 
As can be seen from the HAADF image, a CeO2 particle sits atop a 15-nm TiO2 support 
with Ce single atoms scattered about its surface and near the TiO2/CeO2 interface which 
measures ~8 nm laterally. In total, eleven energy-loss spectra were collected from this area 
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and are displayed in Figure A46 (Appendix E). The beam was placed in an aloof 
configuration to obtain several spectra along the perimeter of the composite particle 
(spectra 1-3, 5-8). Additionally, several energy-loss spectra were collected in transmission 
by placing the beam within the TiO2 support (spectra 4 and 9), at the TiO2/CeO2 interface 
(spectra 10), and in the supported CeO2 particle (spectra 11). Representative spectra from 
beam locations 1-4 are displayed in Figure 6.5b. The bandgap onset for TiO2 is clearly 
identified by the intensity onset occurring at approximately 3.4 eV (similar bandgap onset 
energies have been found for bare TiO2 anatase nanoparticles measured with 
monochromated EELS) (Q. Liu, Quillin, Masiello, & Crozier, 2019; Qianlang Liu et al., 
2017). Notably, intensity in the bandgap region characterized by a broad peak spanning 
energy-losses of 0.75 to 3 eV is observed. Because this feature is in the bandgap region, it 
is critical to consider the potential contributions to this signal in order to arrive at a correct 
interpretation. 
It is common for valence energy-loss spectra to be dominated by the ZLP, which 
predominately contains electrons that have not undergone inelastic scattering. The ZLP tail 
extends up to several eV and will therefore intercept signals generated by valence 
electronic excitations within the specimen. However, the exact shape of the ZLP will be 
unique for each spectrum because it is affected by the local interaction between the fast 
electrons with the specimen which may include phonon excitations (<1 eV), Cerenkov 
losses, and resonant photonic modes (Stöger-Pollach, 2008). At accelerating voltages of 60 
kV, specimens with refractive indices above ~2.5 will emit Cerenkov radiation and impose 
additional energy-loss intensity where this condition is satisfied. Anatase has a refractive 
index of 2.4-2.5 for photon energies from 0.75-3.00 eV and therefore is very close to the 
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Cerenkov threshold in its bandgap region (Jellison, Boatner, Budai, Jeong, & Norton, 2003; 
Kischkat et al., 2012). Refractive indices for CeO2 are around 1.7-2.2 for photon energies 
below 3 eV therefore it is less likely that the supported particles will contribute to Cerenkov 
signals (Mansilla, 2009; Ozer, 2001; Patsalas, Logothetidis, & Metaxa, 2002). The strength 
of relativistic effects such as Cerenkov radiation can be greatly suppressed (or made absent) 
for particle sizes that are smaller than the equivalent wavelength of the emitted photons 
(Erni & Browning, 2008; Erni, Lazar, & Browning, 2008). The small anatase supports 
studied here (which are only 20-25 nm in size (Figure A44)) should therefore significantly 
suppress Cerenkov intensity in the bandgap regime. Similarly, resonant photonic modes 
are largely dependent on the refractive index and geometry of the particles (Crozier, 2017). 
For both CeO2 and TiO2 anatase (which have similar refractive indices) particle sizes 
upwards of 100 nm start to exhibit a sharp, oscillatory peaks in the bandgap region (<3 eV) 
resulting from coupling of the fast electrons with photonic standing waves in the dielectric 
particles (Crozier, 2017; Q. Liu et al., 2019). The support particle sizes observed for Ce-
TiO2(S) are well below 100 nm and therefore would generate guided light modes at 
energies upwards of 5-7 eV (Crozier, 2017). Thus, these relativistic and photon coupling 
effects can be reasonably eliminated from contributing to energy-loss signals in the 
bandgap region owing to the small support particle size. 
The strong bandgap intensity observed about the CeO2-x decorated TiO2 support 
depicted in Figure 6.5a is strongly suggestive of the modified electronic structure via the 
formation of MMO interfaces. To more clearly visualize the spectral shape of these 
electronic excitations, the background must be removed. In general, the most accurate 
bandgap measurements from valence EELS can be made by fitting the background close 
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the bandgap onset intensity (Granerød, Zhan, & Prytz, 2018; Keller et al., 2014). This 
implies that the background fitting window should not be fixed but be tailored to each 
spectrum depending on the exact position of the spectral features. A decaying power law 
can be used to fit the ZLP tail provided no relativistic or resonant effects contribute to the 
background, which is most likely the case here (Stöger-Pollach, 2008). One complication 
in processing the raw EELS data displayed in Figure 6.5a is that the broad bandgap peak 
sits very close to the ZLP, making background fitting difficult. For example, if the 
background fitting window is set just before the first peak (spanning energy-losses of 
0.608-0.808 eV), then the fitted background underestimates the background preceding the 
TiO2 bandgap onset (Figure A47, Appendix E). With an additional fitting window placed 
just before TiO2’s bandgap onset at energy-losses of 3.248-3.448 eV, the background can 
be more accurately extrapolated around the spectral features. Thus, a two-window fit was 
applied to the energy-loss spectra containing bandgap peaks to extract the valence signals 
which are shown in Figure 6.5c. 
 In the three background subtracted aloof spectra (spectra 1-3, Figure 6.5c), the 
broad bandgap peak starts at 0.55 eV, is maximum at 1.65 eV, and extends up to the TiO2 
bandgap onset. Comparatively, the transmission spectra (spectra 4) has a weaker bandgap 
peak (centered at 1.55 eV) but a more intense bandgap onset. The weaker intensity after 
the bandgap onset associated with spectra 1-3 is attributed to delocalization in the aloof 
configuration, which reduces the probability of exciting higher energy-loss pathways (R. 
F. Egerton, 2015). To understand the varied intensities of the bandgap peaks, delocalization 
effects must be considered. The impact parameter of all aloof spectra from the region was 
approximately 1 nm, which helped to minimize scattering delocalization effects thus 
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providing a more local measurement while also enhancing the surface sensitivity. Lateral 
spatial resolution (defined as a length parallel to the edge of the specimen) for an aloof-
beam energy-loss spectra is approximately equal to bmaxb where bmax is a constant 
dependent on the energy-loss and beam energy and b is the impact parameter (R. F. 
Egerton, 2015; Ray F Egerton, 2018). The delocalization length perpendicular to the edge 
is also approximately equal to bmaxb. This means that for energy-losses in the bandgap 
region (up to 3 eV), 50% of the aloof EELS signal is delocalized to a length of 5-13 nm 
(the lower energy-loss signals have greater delocalization). To visualize the approximate 
spatial resolution of each aloof spectra, the bmaxb value corresponding to the center of the 
pre-bandgap peak (1.65 eV) is used, which is equal to 7.7 nm. By overlaying square boxes 
denoting the delocalization lengths (Figure A48a), the approximate region contributing to 
each valence energy-loss signal can be compared. In transmission, the delocalization radius 
for the same energy-loss (1.65 eV) and accelerating voltage (60 kV) is equal to 4.5 nm and 
is also represented in Figure A48a (R. F. Egerton, 2017). Altogether, this analysis 
demonstrates that the regions contributing to each aloof spectra have considerable overlap, 
which may explain their similar bandgap peak intensities. On the other hand, the 
transmission spectra’s delocalization region overlaps with that of the aloof spectra’s by 
roughly 50%. Although the contrast is poorer in the center of the particle due to increased 
thickness, Ce single atoms can still be identified by their locally brighter contrast. 
Therefore, all of the valence EELS spectra from this region are associated with TiO2/CeO2-
x interfaces while the aloof spectra can be said to contain greater contributions. Thus, the 
bandgap peak intensity seems to correlate with the local concentration of MMO interfaces. 
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To further explore the impact of the local TiO2/CeO2-x morphology on the valence 
energy-loss signal, a second region within the same aggregate was probed with STEM-
EELS. As shown in Figure 6.6a, TiO2(112) planes are observed in the bulk of a relatively 
thick particle whereas its surface is absent of CeO2 particles and only contains a small 
amount of Ce clusters and single atoms. The aloof (b = 1 nm) and transmission EELS 
corresponding to beam positions 12 and 13, respectively, are displayed in Figure 6.6b. 
Again, the TiO2 bandgap onset is identified at 3.4 eV and the post-bandgap spectral 
intensity is greater in the transmission spectra. In the raw EELS data, a very weak peak 
centered at ~1.3 eV is observed in the transmission spectra whereas no obvious pre-
bandgap signals are seen for the aloof position. It should be noted that the ZLP tail is 
stronger up to energy-losses of 1 eV for the aloof spectra. However, even a nominal 
increase in the ZLP tail can obscure weak bandgap signals which may be the case for 
spectra 12, especially since their respective delocalization regions are nearly completely 
overlapped (Figure A48b). A two-window inverse power law fit was applied to each 
spectra to obtain the background subtracted EELS intensity and shown in Figure 6.6c. For 
comparison, a background subtracted spectra showing a strong bandgap peak from the first 
area (spectra 1) is also included. The bandgap peak associated with spectra 13 has a reduced 
intensity by ~7x compared to the signal found in in beam position 1 (from area 1). Its center 
is shifted to lower energy at 1.30 eV, about 0.25-0.35 eV less than the centers of the 
bandgap peaks observed in the first area (Figure 6.5c).  
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Figure 6.6 Monochromated STEM-EELS from area 2 of Ce-TiO2(S) with supported Ce 
single atoms (Ce1) and small clusters: (a) STEM-HAADF image (acquired before inserting 
monochromator slit) of region and beam locations used for obtaining energy-loss spectra. 
(b) Raw EELS data and (c) background subtracted spectra from locations 12 and 13 
(spectrum from location 1 is included for comparison). 
The third region of Ce-TiO2(S) investigated with monochromated EELS is 
displayed in Figure 6.7a. In this area, single Ce atoms decorate the surface of a TiO2 
nanoparticle and a cluster of Ce atoms is found at the junction between two support 
particles. Thus, the amount of Ce decorating the surface and hence the local concentration 
of MMO phases is roughly intermediate between the first two regions of interest. Three 
aloof energy-loss spectra were obtained around the perimeter and are shown in Figure 6.7b. 
As with the previous aloof spectra, the delocalization effects mean that the areas about the 
surface that contribute to each spectrum significantly overlap (Figure A48c). In the raw 
EELS data, the bandgap peaks are nearly identical in intensity and energy position. The 
background subtracted spectra are compared to spectra 1 in Figure 6.7c. The center of 
bandgap peaks in spectra 14-16 are located at 1.50 eV. The intensity of the bandgap peaks 
are intermediate between that observed from areas 1 (Figure 6.5c) and 2 (Figure 6.6c). This 
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lends further evidence that the local bandgap peak intensity is indeed a function of the 
presence of TiO2/CeO2-x interfaces.  
Additional valence EELS measurements were obtained with the spectrometer 
entrance aperture out to inspect any changes in the spectral shape that may occur from 
dipole forbidden transitions when larger scattering angles are considered (e.g., transitions 
involving O-2p valence band levels to Ce-4f states). In this case, the energy-loss spectra 
have a higher intensity by about a factor of ~6-7 times) because more electrons are 
collected by the spectrometer. Additionally, the energy resolution is reduced because the 
electrons scattering to high angles (i.e., through Rutherford and thermal diffuse scattering) 
causes the ZLP to broaden which increases the ZLP tail intensity in the bandgap region 
(Figure A49). In two areas inspected from Ce-TiO2(S) containing supported CeO2 particles 
with the large collection angle, a similar spectral shape is observed wherein a broad 
bandgap peak is observed albeit with a lower signal-to-noise ratio (Figure A50). The 
position of the bandgap peak appears to be unchanged by the use of an angle-limiting 
aperture. Compared to the first area inspected, which also contained supported CeO2 
(Figure 6.5), the wider collection angle appears to reduce the relative intensity of the 
bandgap peak. This is most likely an effect of the strong differences in the ZLP tail for 
energy losses between 0.5-3.0 eV when the spectrometer aperture is removed. Differences 
in the ZLP tail intensities at higher energy losses (i.e., at energies above the bulk TiO2 
bandgap onset) become insignificant and therefore a strong signal due to the bulk TiO2 
bandgap excitation can be easily detected without the spectrometer aperture. 
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Figure 6.7 Monochromated STEM-EELS from area 3 of Ce-TiO2(S) with supported Ce 
single atoms (Ce1) and a cluster at the junction of two TiO2 particles: (a) STEM-HAADF 
image (acquired before inserting monochromator slit) of region and beam locations used 
for obtaining energy-loss spectra. (b) Raw EELS data and (c) background subtracted 
spectra from locations 12 and 13 (spectrum from location 1 is included for comparison). 
Altogether, the inspection of Ce-TiO2(S) with monochromated STEM-EELS 
suggests that the bandgap peak intensity is proportional to the local concentration of MMO 
interfaces. The apparent bandgap peak shifts may be an artifact of the varied signal-to-
noise ratios and the strong ZLP tail intensity meaning that more careful background models 
should be considered for a precise comparison. Although several morphologies of 
supported CeO2-x exist on the small TiO2 supports, the close proximity of the supported 
structures and signal delocalization makes it difficult to acquire spectra from a well-defined 
interface structure. Improved energy resolution and well-defined particle geometries are 
needed to more precisely evaluate the possibility of heterogenous bandgap structures. 
Furthermore, dielectric simulations would be very useful for definitively ruling out 
relativistic or resonant effects. Most interestingly, this preliminary analysis suggests 
significant alterations in the electronic structure of TiO2/CeO2-x photocatalysts in the 
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optical regime. A continuum of electronic excitations, with energies as low as 0.5 eV and 
a higher density of transitions at 1.0-2.5 eV may be available. The bulk optical absorption 
spectra from Ce-TiO2(S) (Figure 6.1d) is quite different than the valence EELS. In the 
diffuse reflectance spectra, the absorption drops to zero for energies less than 2.5 eV (500 
nm) whereas the EELS intensity in the bandgap region is maximum around 1.65 eV. This 
may imply that many of the electronic excitations observed in EELS are indirect meaning 
the corresponding absorption coefficients are low. Alternatively, the STEM-EELS 
configuration employed here may be enhancing the non-dipole O-2p → Ce-4f transitions. 
6.4 Summary 
The bulk, nanoscale, and photocatalytic properties of TiO2-supported CeO2-x 
composite nanoparticles produced via hydrothermal synthesis and wet impregnation were 
explored. In depositing Ce onto small (~20 nm) TiO2 supports, highly dispersed CeO2-x 
morphologies were stabilized leading to a red-shifted absorption onset from 3.18 to 2.64 
eV, a higher fraction of Ce3+, and enhanced photocatalytic HERs. However, the strong 
visible light absorption facilitated by the composite powder with small supports does not 
lead to photodeposition of Pt under visible light, implying charges generated at MMO 
interfaces undergo rapid recombination. Using monochromated EELS in a STEM at 60-
kV, the local electronic structures associated with TiO2/CeO2-x interfaces on the small TiO2 
supports were explored. In using an aloof-beam configuration, sensitivity to the surface is 
enhanced while also reducing radiation damage to the TiO2 surface and its supported CeO2-
x structures. Due to inelastic scattering delocalization and the small impact parameters 
used, spatial resolutions of less than <10 nm were obtained in the valence EELS data which 
provided a highly localized measurement compared to bulk diffuse reflectance 
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spectroscopy. Bandgap states were found in areas containing supported CeO2 particles, 
single atoms, and disordered clusters wherein the intensity roughly correlated with the local 
concentration of MMO interfaces (i.e., the amount of Ce on the surface). The broad 
bandgap peak indicates there is a continuum of electronic transitions taking place at 
energies of 0.55 eV up to the bandgap onset of TiO2 with maximum intensity at ~1.65 eV. 
The discrepancy between the spectral shape in EELS compared to the optical absorption 
spectra may imply that much of the EELS intensity in the bandgap is associated with 
indirect transitions. Additional studies on well-defined supported CeO2-x morphologies, 
improved energy resolution, and EELS simulations are needed to fully understand the 
interfacial electronic structures in this materials system.  
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 Conclusions and Future work 
7.1 Conclusions 
The scope of this research program was shaped by the critical need for accelerating 
the development of particulate photocatalysts materials that are visible light active. In 
contrast to the various efforts to synthesize new materials and hierarchical structures, this 
work focuses on applying and developing approaches that uncover structure-activity 
relationships. In this way, the performance-limiting processes and relevant heterogeneities 
occurring in differently prepared photocatalyst powders can be revealed to facilitate 
rational design strategies. To this end, two promising candidate materials systems were 
focused on: Pt-functionalized g-CNxHys and TiO2/CeO2-x composites. The structures and 
properties of the materials were studied at multiple length scales by employing bulk and 
nanoscale characterization techniques. Various photocatalytic performance metrics were 
also utilized to quantify functionality at the active site and ensemble level.  
Various modalities of structural disorder that are relevant to photocatalytic 
functionality were investigated in g-CNxHys using advanced electron spectroscopy and 
high-resolution imaging. An approach utilizing monochromated STEM-EELS was 
developed to probe heterogeneities in hydrogen defects at the nanoscale in g-CNxHys. 
Nanoparticulate forms of a structurally disordered g-CNxHy (Nicanite) and crystallites of a 
layered carbon nitride (PTI/LiCl) were compared. An aloof-beam configuration was 
leveraged to minimize radiolytic damage and maximize surface sensitivity while 
maintaining a high spatial resolution (~ 30-40 nm), allowing local vibrational fingerprints 
to be obtained from several areas. Bulk optical vibrational spectroscopies were performed 
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on each powder to facilitate interpretation of vibrational energy-loss features. It was found 
that the N-Hx content, relative to the C-N ring content, of Nicanite varied locally up to 
27%. Comparatively, the spatial variation in amine defects for PTI/LiCl was smaller owing 
to its high crystallinity. These differences in chemical disorder were also correlated to HR-
TEM images taken at low electron fluence rates suggesting that chemical and structural 
disorder are intimately linked.  
Planar structural disorder was investigated in a series of differently condensed g-
CNxHys using low fluence rate TEM imaging. XRD patterns of the bulk powders revealed 
significant broadening of basal plane reflections attributed to in-plane defects, turbostratic 
stacking, or differences in domain sizes. To elucidate the origin of Bragg peak broadening, 
high resolution TEM images were obtained from each g-CNxHy by using low electron 
fluence rates to avoid radiation damage. By calculating 2D image autocorrelations across 
the large FOV images, local pseudo Patterson functions were produced to visualize the 
nearest neighbor environment of heptazine building blocks within the layers. A clear 
evolution in the structural correlation lengths of the three g-CNxHys was revealed via this 
analysis, which allowed the average polymer chain lengths to be estimated. In Nicanite, 
the planar domains extended past the 4th nearest neighbor shell and subsequent VDF 
analysis revealed planar domains covering 10’s of nanometers. This implies the polymer 
chains in Nicanite are bulk like (i.e., 10’s of nanometers in length). On the other hand, the 
urea-derived g-CNxHys are more oligomer like with average chain lengths of two to four 
heptazine units (i.e., 0.8-3 nm). Evidence for stacked layers with different azimuthal 
orientations  was also revealed in the local Patterson functions and image FT from Nicanite, 
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suggesting the (hk0) Bragg peak broadening may be attributed to turbostratic stacking 
disorder. 
The three differently condensed g-CNxHys were further studied for photocatalytic 
H2 evolution half reactions by functionalizing with Pt via photodeposition. Interestingly, 
the trend in HERs did not correlate with any of the bulk g-CNxHy properties, prompting 
the investigation of the Pt dispersion via HAADF-STEM imaging. Significant differences 
in the cocatalyst particle size distribution were found on each support, allowing active site 
densities and TOFs to be calculated. Importantly, the TOF is related to the rate of electron 
transfer to reactants on a per-active-site basis, which allowed the intrinsic activity of each 
light harvesting support to be evaluated. A strong correlation between the TOF and a 
reduction of the layer stacking distance in the g-CNxHy support was revealed, indicating 
that electronic mobility influences the number of photogenerated electrons that reach 
reactants. Despite this, the active site density remained lowest on the most active and 
condensed g-CNxHy support (Nicanite) regardless of the Pt loading method and thus 
limited its HER. Overall, this implies that the degree of polymer condensation in the 
support facilitates competing effects between its TOF and active site density meaning that 
the highest HERs were achieved by a moderately condensed g-CNxHy. A rational route for 
improving performance in this system would thus involve processing the highly condensed 
g-CNxHys such that they can achieve higher active site densities without altering the layer 
stacking distance. 
Synthesis-functionality relationships were also explored in TiO2-supported CeO2-x 
composite nanoparticles by altering the support mean particle size through hydrothermal 
synthesis. It was found that the powder involving smaller supports (~20 nm) was  
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associated with highly dispersed CeO2-x morphologies including clusters of Ce single 
atoms, chains, and smaller nanoparticles. This imparted a strong change in the bulk light 
absorbing properties characterized by a redshifted absorption onset energy of 2.6 eV which 
was attributed to a higher fraction of Ce3+ revealed by STEM-EELS. Additionally, the 
photocatalytic HER (under UV+visible light) of the TiO2/CeO2-x composite based on small 
supports showed a >2x improvement compared to the powder prepared with large supports. 
However, photodeposition of Pt under visible light did not occur despite strong visible light 
absorption indicating that the charge carries undergo fast recombination. Monochromated 
STEM-EELS revealed a continuum of electronic transitions occurring for energies of 0.5 
eV up to the bulk bandgap onset energy (3.2 eV) in the visible light absorbing TiO2/CeO2-
x powder. Stronger bandgap peaks were observed in areas containing a higher concentration 
of supported CeO2-x, suggesting the electronic states are associated with the mixed oxide 
interfaces. Discrepancies between the diffuse reflectance spectra and valence EELS may 
imply that the modified electronic structure creates many indirect transitions that have low 
absorption coefficients.  
By carefully studying the nanoscale heterogeneities, bulk properties, and 
performances of differently synthesized powdered photocatalysts, valuable insights 
regarding their functionality were addressed. In g-CNxHys, both chemical and structural 
disorder are intimately linked to the state of polymer condensation, which influences 
charge transfer and photocatalytic H2 evolution rates. This work also revealed the challenge 
associated with optimizing charge generation/transport and cocatalyst configuration in 
metal-functionalized g-CNxHy photocatalysts. Mixed oxide systems based on TiO2/CeO2-x 
composites can be improved by reducing the support particle size, but focus should be 
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made on harvesting the short-lived charge carriers created at the interfaces and optimizing 
the supported CeO2-x morphologies to promote strong light absorption. 
7.2 Future Work 
While these findings have shed light on several ambiguous aspects of these 
promising photocatalyst systems, many important questions remain. Considering that the 
cocatalyst dispersion is influenced by the state of polymer condensation in g-CNxHys 
(Chapter 5), it would be interesting to establish an experimental link between surface amine 
heterogeneity and Pt dispersion by using the techniques developed in Chapter 3. Chapter 4 
presented evidence of turbostratic stacking and differences in polymer chain lengths in g-
CNxHys, but the results could not be used to yield a full 3D structure. Given that the planar 
domains are actually quite large in Nicanite, the material may be a great candidate for 
structure elucidation at a moderate spatial resolution using electron diffraction in a cryo-
TEM. Efforts should also be made to realize highly efficient Pt/g-CNxHy photocatalysts 
based on the implications of Chapter 5. In TiO2/CeO2-x photocatalysts, further studies to 
understand structure-function relationships, fabrication of well-defined supported CeO2-x 
morphologies, and EELS simulations would be valuable to better understand the interfacial 
electronic structure(s) and direct synthesis efforts toward the most active forms. 
Thus, future areas of study may include: 
• A correlative study of local surface amine content/heterogeneity and Pt 
dispersion in g-CNxHys. For example, the same technique developed in Chapter 
3 could be applied to the three g-CNxHy supports that were investigated in 
Chapters 4-5 to obtain statistics on the local surface N-Hx and C-N ring content. 
Does Pt dispersion (i.e., active site density) correlate with higher ratios of (N-
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Hx)/(CN-ring) at the surface? Alternatively, a Pt-functionalized g-CNxHy could 
be investigated with the aloof-beam vibrational EELS technique to locate N-Hx 
“hotspots” at the surface. Is there a correlation between the location of Pt 
nanoparticles and hotspots? 
• Structure elucidation of Nicanite using microcrystal electron diffraction 
(microED) in a cryo-TEM. The specific technique has been recently developed 
and refined by Nannenga (Arizona State University) and colleagues, therefore 
this project could be easily facilitated through an internal collaboration 
(Nannenga & Gonen, 2019). The major advantage of this technique is that the 
data collection and processing can be obtained within an hour if the quality of 
the crystalline sample is high. Therefore, an important first step is screening a 
TEM grid of Nicanite powder to locate a single crystallite for performing 
microED on. This would be achieved by inspecting the grid while viewing the 
selected-area ED pattern. Regions demonstrating spot patterns would be 
suitable for the microED technique.  
• Synthesis and evaluation of highly dispersed Pt on Nicanite for improved 
photocatalytic H2 evolution. There are several routes that could be taken for 
refining the Pt loading method, such as: (i) sonicate the support for several 
hours prior to photodeposition, (ii) try out different sacrificial reagents, or (iii) 
change the incident light intensity/spectrum for photodeposition. Alternatively, 
the surface of Nicanite may be treated in reactive gasses to introduce additional 
Pt adsorption sites prior to photodeposition. 
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• Fabrication of well-defined TiO2/CeO2-x structures for monochromated STEM-
EELS analysis of valence electronic structure(s). The goal would be to 
synthesize composites with supported CeO2-x in the form of only single atoms, 
chains, or particles. This may be achieved by varying the Ce loading on the 
small TiO2 anatase supports or testing out different solvents during 
impregnation. Subsequently, the bulk properties and photocatalytic 
performances could be collected and correlated with the improved EELS data.  
The photocatalytic performance of the TiO2/CeO2-x composites should be 
benchmarked against unmodified TiO2 anatase particles both with and without 
Pt loading via impregnation and Pt dispersions should be measured from each 
photocatalyst using methods developed in Chapter 5. Furthermore, dielectric 
and JDOS simulations of energy-loss spectra for TiO2-supported CeO2 would 
be valuable for interpreting the origin of bandgap peaks and reconciling 
differences between EELS and bulk diffuse reflectance spectra. 
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Instrumental Broadening of X-ray Diffractometer 
The Scherrer equation was used to calculate the mean particle sizes of the as-
synthesized and Ce-loaded TiO2 nanoparticles that are the subject of Chapter 6. A 
description of the Scherrer equation is given in Section 2.3.1. Instrumental broadening 
needs to be subtracted from the experimental data to obtain a reliable Bhkl value, describing 
the crystallite size broadening. A single crystal quartz standard sample was used to obtain 
the instrumental broadening which is summarized in the table below. 
 Table A1 Instrumental broadening of Siemens D-5000 powder X-ray diffractometer. 
Cu-Kα Co-Kα 
2θ (°) FWHM (°) 2θ (°) FWHM (°) 
20.0113 0.177 29.7724 0.07 
25.8 0.176 41.0367 0.08 
35.72 0.182 44.14 0.07 
38.66 0.182 48.7768 0.06 
39.48 0.182 50.7825 0.07 
41.64 0.188 61.8482 0.08 
44.98 0.181 67.8797 0.08 
49.35 0.181 72.5628 0.08 
54.1 0.19 79.0886 0.09 
59.19 0.189 81.2253 0.1 
63.29 0.168 92.3641 0.12 
72.74 0.179 92.8475 0.12 
74.93 0.173 
  
76.96 0.21 
  
79.2 0.199 
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Figure A1 (a) Aloof-beam valence energy-loss spectra from g-CNxHy and PTI/LiCl 
showing bandgap onset energies at 2.7 and 3.0 eV determined by a method developed by 
Park et al. (J. Park et al., 2009). (b) Transmission valence energy-loss spectra from g-
CNxHy and PTI/LiCl showing the π-plasmon excitations around 4-6 eV (Moreau et al., 
2006). Both energy-loss spectra from g-CNxHy (green lines) are vertically shifted by 1x10
4 
counts for clarity. 
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Figure A2 Change in the C-K (left) and N-K (right) EELS edges for (a) g-CNxHy and (b) 
PTI/LiCl with accumulated electron dose (fluence rate = 520 e-/Å2/s). All spectra have 
been background subtracted. STEM-HAADF images of (c) g-CNxHy and (d) PTI/LiCl 
taken after the periodic core-loss EELS measurements indicating significant mass loss 
occurred. 
Calculation of N/C Ratios 
From each periodically-acquired core-loss spectra, the relative composition given 
by the N/C ratio was calculated according to N C⁄ =  
IN−K(∆)
IC−K(∆)
∙
σC−K(∆)
σN−K(∆)
 in Gatan 
DigitalMicrograph software. IN-K(Δ) and IC-K(Δ) are the background-subtracted core-loss 
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edge intensities and σN-K(Δ) and σC-K(Δ) are the Hartree-Slater scattering cross sections for 
the corresponding ionization edges, all integrated over an energy window Δ (R. F. Egerton, 
2015; R.F. Egerton, 2008a).3 To minimize the errors introduced by plural scattering in thick 
samples, an integration window of Δ=60 eV was set so that most of the fine structure 
oscillations in the C-K and N-K edges were encompassed. Background subtraction was 
accomplished by fitting the pre-edge background to an inverse power law over 20 eV 
preceding the edge threshold so that it could be extrapolated over Δ. Extending the 
background fitting window to 50 eV (keeping the integration window the same) results in 
a systematic decrease of all N/C ratios by ~3%. Error bars were estimated to be ~5%, based 
on the accuracy of scattering cross sections for EELS.  
 
Figure A3 (a) FT-IR absorption spectra from g-CNxHy (top) and PTI/LiCl (bottom). 
Spectra have been vertically offset and normalized for clarity. (b) FT-Raman scattering 
spectra of g-CNxHy (excitation wavelength=1064 nm). 
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Calculating (N-Hx)/(C-N ring) Ratios 
To compute the raw peak intensity ratio for each aloof-beam energy-loss spectrum, 
the background was subtracted from the ‘N-H’ (~400 meV) and ‘C-N’ (~160 meV) peaks 
using interpolation of an inverse power law about each peak shown by the dashed curves 
in Figure A5. Subsequently, the resulting peaks were summed over identical energy 
windows for each spectrum (96-meV wide for the C-N peak and 100-meV wide for the N-
H peak) which is also shown schematically in Figure A5. Since all spectra were acquired 
with an aloof-beam geometry, the N-H peak will be attenuated relative to the C-N peak as 
predicted approximately by K0 vs. b for E=160 and 400 meV, respectively, as shown in 
Figure 3.6. Figure A4 plots the ratio of K0 at 400 and 160 meV with impact parameter to 
over the range of 1-10 nm. As seen in Figure A4, for b~3-9 nm (the range of experimental 
impact parameters used here), an attenuation between ~12-17% for the N-Hx peak relative 
to the C-N ring peak is predicted. Taking into the account the uncertainty in the 
measurement of b from the accompanying STEM-HAADF images, which is at most ~1 
nm, the error in this correction factor is approximately ±1.2%. Applying an appropriate 
correction factor to each raw peak intensity yields the corrected ratio, IN-H/IC-N. 
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Figure A4 Ratio of K0 at 400 meV and 160 meV for different impact parameters showing 
the effect that the aloof-beam geometry has on attenuating higher energy-losses. 
 
Figure A5 Representation of background fitting (gray dashed lines) and the resulting ‘raw’ 
vibrational peak intensities, which are generated by integrating background subtracted 
spectrum (sold gray curve) over the energy windows shown above. The original vibrational 
EELS spectrum shown here was taken from g-CNxHy (spectrum 3a).  
Assessment of Radiation Damage from Vibrational Peak Intensity Ratios 
Figure A6 plots each set of IN-H/IC-N values against the impact parameter, b, for each 
spectrum to assess correlations with b which would be indicative of radiolytic damage. 
Dashed, straight lines in Figure A6 are the linear-least-squares trendlines for each dataset. 
As can be seen from the slopes of the best-fit lines for both g-CNxHy and PTI/LiCl, both 
of which have very large error associated with them, a very weak correlation between IN-
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H/IC-N and b exists. The relatively wide scatter in IN-H/IC-N values about the lines of best fit 
could be made better by more accurate measurement of b. However, this would require 
decreasing the pixel size when acquiring STEM-HAADF images resulting in more incident 
electrons to be deposited into the specimen prior to spectral acquisition risking radiation 
damage. Another route would be to collect several vibrational EELS spectra with the same 
impact parameter at different regions of the specimen (using identical spectral acquisition 
settings). This would reduce the error in the slope of the linear best-fit line and make the 
assessment of radiation damage in vibrational EELS more reliable. 
 
Figure A6 Assessment of the degree of correlation between vibrational EELS peak 
intensity ratio, IN-H/IC-N, with impact parameter for both g-CNxHy (blue triangles) and 
PTI/LiCl (red squares). The slope of each linear-least-squares line indicates the relative 
strength of correlation. 
Error Bar Calculation 
In Figure A6, the error in b is estimated as half of the pixel size in the STEM-
HAADF images corresponding to each spectrum. In the vertical direction, error bars were 
determined by calculating the root-mean-squared (RMS) error on the background 
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surrounding the N-Hx peak. Since the background-subtracted N-Hx peak intensity is a 
discrete sum of the channel intensity values over an integrating window, IN-H can be written 
as:  
 
𝐼𝑁−𝐻 = ∑(𝐼𝑖 − 𝐵𝑖)
50
𝑖=1
 [A1]  
where i=1-50 represents the number of channels over the 100-meV integrating window, 
wherein the EELS spectrometer is set with a dispersion of 2 meV/channel, Ii is the spectral 
intensity, and Bi is the background. Therefore, the error in IN-H is: 
 
𝜎𝐼𝑁−𝐻 = √∑(𝜎𝐼𝑖
𝑅𝑀𝑆)2 + ∑(𝜎𝐵𝑖
𝑅𝑀𝑆)2
50
𝑖=1
50
𝑖=1
 [A2]  
where σRMS is the root-mean-squared error of Ii or Bi. Here, the summations are also made 
over the same window as IN-H. The error in the background can be set to zero since it is 
estimated via extrapolation of an inverse power law over windows before and after the N-
Hx peak. To estimate the RMS-error in Ii, the deviation in the EELS spectral intensity is 
compared to the fitted background in regions adjacent to the N-Hx peak giving 𝜎𝐼
𝑅𝑀𝑆 as: 
 
𝜎𝐼
𝑅𝑀𝑆 = √
∑ (𝐼𝑖 − 𝐵𝑖)2
35
𝑖=1
35
 [A3]  
where i=1-35 represents a 70-meV wide integration window over a region adjacent to the 
N-Hx peak. Taking windows before and after the N-Hx peak and averaging the individual 
𝝈𝑰
𝑹𝑴𝑺 yields an average RMS-error in the spectral intensity, 𝝈𝑰,𝒂𝒗𝒆.
𝑹𝑴𝑺 . Relating this back to 
equation A2 yields a simplified expression for the error in the N-H peak as: 
 𝜎𝐼𝑁−𝐻 = √50 𝜎𝐼,𝑎𝑣𝑒.
𝑅𝑀𝑆  [A4]  
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The error in the peak intensity ratio, 𝜎 (
𝐼𝑁−𝐻
𝐼𝐶−𝑁
), is therefore: 
 
𝜎 (
𝐼𝑁−𝐻
𝐼𝐶−𝑁
) =
𝐼𝑁−𝐻
𝐼𝐶−𝑁
 ∗ √[
𝜎𝐼𝑁−𝐻
𝐼𝑁−𝐻
]
2
+ [
𝜎𝐼𝐶−𝑁
𝐼𝐶−𝑁
]
2
 [A5]  
where 𝜎𝐼𝑁−𝐻  is defined by equation A4 and 𝜎𝐼𝐶−𝑁 is negligible, comparatively, because IC-
N is an order of magnitude greater than IN-H. Therefore, equation A5 can be simplified to 
yield:  
 
𝜎 (
𝐼𝑁−𝐻
𝐼𝐶−𝑁
) = √50 
𝜎𝐼,𝑎𝑣𝑒.
𝑅𝑀𝑆
𝐼𝐶−𝑁
 [A6]  
Based on equation A6, the error in the raw IC-N/IN-H values are only ~0.95-3.6% for 
PTI/LiCl and less than ~0.5% for g-CNxHy. Adding the contribution of error in the ‘K0 
correction factor’, which is applied to the raw IC-N/IN-H to yield a corrected ratio, the final 
error in IC-N/IN-H would increase to ~1.2% for g-CNxHy and ~1.5-3.8% for PTI/LiCl. This 
small relative error can be attributed to the high signal to noise obtained under the EELS 
spectral acquisition conditions and the weakly-varying K0 function over nanometer length 
scales. 
Estimating Relative Probed Volumes 
The background-subtracted integrated intensity under the “C-N” vibrational peak 
at ~160 meV, IC-N, could be used to assess differences in interaction volume contributing 
to each spectrum. However, for IC-N to depend only on the probed-volume would assume 
that composition does not vary throughout the sample on the length scales probed here, 
which may not be valid. Alternatively, 50% of the vibrational EELS signal (in projection) 
comes from an area equal to bmaxb, where 𝑏𝑚𝑎𝑥(𝐸) = 𝛾ℎ𝜈 2𝜋𝐸⁄  (R. F. Egerton, 2015). 
Therefore, multiplying bmaxb, selecting bmax for a relevant energy-loss signal (e.g., E=400 
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meV giving bmax=246 nm) by the sample thickness should approximate differences in the 
probed volume associated with each spectrum. Since C and N have similar atomic numbers 
(6 and 7, respectively), variations in the STEM-HAADF image contrast area approximately 
equal to thickness variation. Therefore, summing the pixel intensities from the STEM-
HAADF image in the region bmaxb (some of which are shown in Figure 3.9b-e) would allow 
the probed volume associated with each vibrational energy-loss spectrum to be compared 
yielding different values of I(bmaxb). In Table A2, the I(bmaxb) values for each aloof-beam 
vibrational energy-loss spectra obtained for both g-CNxHy and PTI/LiCl are listed. The 
relative error in I(bmaxb) depends on the error in the measurement of the impact parameter, 
which range from ~5-15%, meaning the error in I(bmaxb) ranges from ~30-60%. 
From the above table it is concluded that the local thickness variations within the 
g-CNxHy sample were small, as evidenced by the relatively small range in I(bmaxb) values. 
This means that the variation in spectra shape, peak intensity ratios among the aloof-beam 
vibrational EELS of g-CNxHy are not due to thickness variations within the sample. On the 
other hand, the vibrational energy-loss spectrum from PTI/LiCl that contains an extra peak 
(spectrum 4b) has a significantly higher I(bmaxb) value (at least 8x greater than the next 
thickest region, spectrum 5b) indicating it came from a much thicker region. This is also in 
accordance with the appearance of PTI/LiCl’s FT-IR absorption spectrum (a bulk 
measurement), which contains a small peak at 2200 cm-1 (265 meV) due to C≡N stretching 
vibrations. 
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Table A2 Qualitative comparison of the volume of interaction contributing to each 
vibrational energy-loss spectra of Figure 3.7. The relative probed volume, I(bmaxb), 
represents the integrated intensity of the STEM-HAADF images in a region contributing 
to half of the inelastic signal, which is bmaxb (R. F. Egerton, 2015; Ray F Egerton, 2018). 
Spectra marked with asterisk contain an extra peak at ~265 meV, indexed as cyano (C≡N) 
species. 
Spectrum b (nm) I(bmaxb) (a.u.) Spectrum b (nm) I(bmaxb) (a.u.) 
1a 8.0 ± 0.8 0.39 ± 0.19 1b 4.8 ± 0.4 0.83 ± 0.34 
2a* 6.3 ± 0.8 0.38 ± 0.40 2b 3.0 ± 0.4 0.56 ± 0.29 
3a 4.8 ± 0.8 0.68 ± 0.11 3b 3.2 ± 0.4 0.57 ± 0.29 
4a 8.8 ± 0.8 0.60 ± 0.25 4b* 7.0 ± 0.4 8.81 ± 2.98 
5a 3.0 ± 0.3 0.43 ± 0.18 5b 6.3 ± 0.4 1.11 ± 0.56 
6a 4.5 ± 0.3 0.56 ± 0.19 6b 8.0 ± 0.4 0.97 ± 0.43 
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Figure A7 Simulated XRD patterns for various stacking sequences applied to melon with 
flat layers. The ABA stacking sequences are generated by introducing lateral shifts in 
second layer within the unit cell by a shift vector [a, b]. The AAA stacking arrangements 
are formed by expanding the unit cell β angle or contracting the γ angle (Fina et al., 2015; 
Bettina Valeska Lotsch, 2006; Seyfarth et al., 2010). 
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Figure A8 Comparison between the long-scan XRD pattern of Nicanite (also shown in 
Figure 4.2) to each simulated XRD pattern of melon structures with different layer stacking 
sequences. The simulated XRD patterns for the different stacking arrangements are also 
compared in Figure A7 (above). 
Table A3 Composition of each g-CNxHy obtained from combustion elemental analysis 
compared to the ideal C2N3H formula for polymeric melon (T. S. Miller et al., 2017).  
Compound C (at%) N (at%) H (at%) 
C2N3H 33.3 50.0 16.7 
Nicanite 35.20 46.89 17.90 
U240-gCN 36.02 46.68 15.79 
U30-gCN 32.12 44.11 23.77 
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Figure A9 Low fluence rate TEM image of Nicanite showing the entire field of view 
(FOV). The FOV is approximately 65 nm. 
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Figure A10 Low fluence rate TEM image of U240-gCN showing the entire FOV (~ 80 nm). 
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Figure A11 Low fluence rate TEM image of U30-gCN showing the entire FOV (~ 80 nm) 
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Figure A12 Cropped TEM image FT for Nicanite (from Figure 4.3d) with simulated 
kinematical electron diffraction pattern for melon (eclipsed stacking, flat layers) overlaid 
and aligned to the image FT to maximize overlap. Many of the spots occurring in the image 
FT can be indexed to a single crystallographic orientation. 
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Figure A13 Alternative view of Figure A12 showing the overlaid kinematical electron 
diffraction pattern for melon (eclipsed stacking, flat layers) on half of the image FT from 
Nicanite. The overlaid diffraction has a near-perfect correspondence to the motifs of well-
defined spots at the higher scattering angles. 
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Figure A14 Ring pattern (generated by a radial average of the electron diffraction pattern) 
corresponding to melon (eclipsed stacking, flat layers) overlaid on half of the image FT 
from Nicanite. This shows that the additional intensity in the FT, comprising the speckled 
rings, can be indexed to (hk0) reflections. 
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Figure A15 Single layer structure model (left) for polymeric melon with 1st-4th heptazine-
heptazine nearest neighbor (HHNN) shells demarcated by different colored circles over 
corresponding heptazine monomers. The table (right) shows the range in the magnitude of 
the shift vector in the (hk0) plane, ∆𝒓, for the different HHNN shells. 
 
Figure A16 Schematic illustration of image processing approach used to generate local 
pseudo Patterson functions from the large field of view TEM image. 
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Figure A17 Full field of view local PPFs from Figure 4.5d-e: (a) Nicanite, (b) U240-gCN, 
and (c) U30-gCN. 
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Figure A18 Examples of local PPFs from Nicanite showing evidence of turbostratic 
stacking. 
 
Figure A19 Examples of local PPFs from U240-gCN (left) and U30-gCN (right) showing a 
lower degree of local structural ordering. 
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Virtual Dark Field Image Analysis 
To further visualize the spatial extent of ordered planar domains within Nicanite, 
virtual dark field (VDF) images were generated from the large FOV TEM image. Similar 
to the local PPF analysis, the image was first broken into a grid with box sizes of 2.2 nm. 
A smaller box size was used to increase the spatial resolution of the VDF images while still 
providing enough resolution in reciprocal space to select individual Bragg beams. An 
image FT was then produced from each sub-region to yield a 4D data set comprising of a 
2D FT at each grid position along the TEM image. By applying the Cornell Spectrum 
Imager 4D plugin for ImageJ to the 4D dataset for Nicanite, VDF images for different low-
index (hk0) reflections were produced.  
A summed FT for Nicanite is displayed in Figure A20a, which was produced by 
adding each sub-region’s FT. Because the grid square size (or equivalently, the pixel size 
in the VDF images) is a small fraction of the entire image, the summed FT contains 
significantly less detail than FT generated from the entire field of view (see Figure 4.3d). 
However, the (210), (020), and (-210) reflections can be readily identified and are marked 
by green boxes in Figure A20a.  
To determine the statistically significant VDF image intensity, the intensity 
distribution of a VDF image generated from no Bragg beams was examined (Figure A21). 
The mean, µ, and standard deviation, σ, were then extracted by fitting a normal distribution 
to the resulting intensity histogram and a statistically significant intensity was defined as 
µ+3σ. Pixel intensity values in each VDF image that are not statistically significant (i.e., 
below the “no Bragg beam” intensity) are represented as a single shade of gray whereas 
values above this threshold are represented by an increasingly lighter shades of green.  
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Figure A20b-d compares VDF images produced from the (210), (020), and (-210) 
reflections, respectively. From the VDF image intensity distributions, spatial domains 
covering tens of nanometers, where scattering from the (210), (020), and (-210) reflections 
dominate, can be identified. The (210) reflection is concentrated toward the upper-left 
quadrant of the field of view (Figure A20b) while much of the (020) reflection resides over 
a larger area concentrated towards the upper-right quadrant (Figure A20c). Strong intensity 
from the (-210) reflection dominates nearly the entire field of view (Figure A20d).  
Since the domains revealed by the VDF images were produced from a set of Bragg 
beams consistent with a singular in-plane azimuthal orientation, their spatial distribution 
across the field of view is most likely due to small tilts of the graphitic layers relative to 
the beam. This is because small tilting of the graphitic planes changes the weighting of 
intensity of Bragg beams due to the intersection of the (hk0) reciprocal lattice with the 
Ewald sphere (Williams & Carter, 2009). Therefore, electron diffraction patterns for melon 
(with eclipsed stacking) were simulated for various degrees of tilt about the [010] or [100] 
lattice vectors, or a combination of both (Figure A22).  
For small tilts about the [010] lattice vector (about 6° to 9°), the (210) and (-210) 
reflections can be dimmed while the (020) reflection maintains intensity (Figure A23). At 
about 5° tilt about the [100] direction, the (020) reflection will become darker than the 
(210) and (-210) reflections (Figure A24). A combination of tilting by 5° and 3° about the 
[100] and [010] directions, respectively, creates a diffracting condition wherein the (-210) 
is brighter than the (210) and (020) spots (Figure A25). Finally, a slightly different tilting 
combination of 4° about the [100] direction and 6° about the [010] direction yields more 
intensity in the (-210) and (020) reflections while the (210) is dimmed (Figure A26). Thus, 
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these rules can be applied to map the locations where diffracting conditions associated with 
these aforementioned layer tilts occur by applying simple arithmetic to the VDF images 
(see following discussion).  
Figure A20e-h shows the result of this process for the four unique layer tilts’ 
diffracting conditions described above. These “tilt” domains span length scales from ~10-
30 nm and likely represent regions where the g-CNxHy layers are slightly tilted relative to 
the beam. This is different than buckling/corrugation that can occur over several unit cells, 
which minimizes the repulsive energy between adjacent heptazine monomers while 
maintaining the H-bonding network (Deifallah, McMillan, & Corà, 2008; Bettina Valeska 
Lotsch, 2006; H.-Z. Wu, Liu, & Zhao, 2014). In other words, the sample was not precisely 
flat over the full field of view. 
VDF image analysis was also applied to the TEM images of the urea-derived g-
CNxHys. The total FTs for both U240-gCN and U30-gCN display rings, rather than well-
defied spots, making it impossible to identify individual reflections. Therefore, VDF 
images were produced at every pixel along the low-index (hk0) ring (Figure A27) giving a 
total of twelve VDF images for U240-gCN and U30-gCN. In each set of VDF images, the 
intensity distribution was similar for each point along the ring. Figure A28 displays 
representative VDFs from positions 1, 6, and 9 for U240-gCN and U30-gCN, respectively. 
In contrast to Nicanite, both U240-gCN and U30-gCN have virtually identical VDF image 
intensity distributions which are randomly distributed throughout the field of view. This 
result is consistent with the local autocorrelation analysis showing the presence of 
structural ordering on nanometer length scales. 
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Method for Processing VDF Images to Produce Maps of Different Diffracting 
Conditions 
To produce maps showing where the diffracting conditions associated with the 
various layer tilts (see above) are satisfied, a series of arithmetic steps were applied in 
ImageJ to the VDF images shown in Figure A20b-d. First, a minimum pixel value of 1513 
(the statistically significant intensity, µ+3σ) was set for each VDF image. This step was 
carried out to ensure any pixels with intensity lower than the statistically significant 
threshold between different VDF images are not compared. Next, image arithmetic was 
applied to the required VDF images depending on the diffracting condition of interest 
which are described in Table A4. Each image calculation creates a new image with the 
same dimensions as the VDF images. For each diffraction condition, two of these “child” 
images need to be produced and compared (see Table A4). In each child image, pixels with 
positive intensity indicate where a specific diffracting condition is satisfied while negative 
values indicate the opposite. Pixels with zero intensity indicate that in both VDF images 
being compared, that pixel was below the statistically significant intensity threshold. Next, 
the minimum pixel value in each pair of child images was set to zero so that only pixels 
that satisfy both diffracting conditions associated with a particular layer orientation have 
positive intensity. Finally, each pair of child images were multiplied so that only regions 
where both components of the diffracting condition are met have positive intensity. The 
resulting images are displayed in Figure A20e-h. 
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Table A4 Image arithmetic applied to the different VDF images from Nicanite used to 
produce the intensity maps in Figure A20e-h. 
Diffracting conditions Approximate associated layer tilt 
Required image 
arithmetic 
(020) > (210), (-210) 6°-9° about [010] 1. VDF(020) - VDF(210) 
2. VDF(020) - VDF(210) 
(210), (-210) > (020) 5°-7° about [100] 1. VDF(210) - VDF(020) 
2. VDF(-210) - VDF(020) 
(-210) > (210), (020) 3°-5° about [010], 5°-7° about [100] 1. VDF(-210) - VDF(210) 
2. VDF(-210) - VDF(020) 
(-210), (020) > (210) 6° about [010], 4°-7° about [100] 1. VDF(-210) - VDF(210) 
2. VDF(020) - VDF(210) 
 
 
Figure A20 Virtual dark field (VDF) image analysis of Nicanite: (a) summed Fourier 
transform (FT) produced by adding individual FTs from 2.2-nm windows across the large 
field of view TEM image. (Pixels corresponding to the (210), (020), and (-210) Bragg 
beams are marked by green boxes.) (b)-(d) VDF images of Nicanite produced from the (b) 
(210), (c) (020), and (d) (-210) reflections. (e)-(f) Maps showing the distribution of 
different diffracting conditions across the large field of view TEM image: (e) (020) > (210), 
(-210); (f) (210), (-210) > (020); (g) (-210) > (210), (020), and (h) (-210), (020) > (210); a 
structure model illustrating a possible orientation of the g-CNxHy layers relative to the 
beam is also shown for each condition in (e)-(h). 
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Figure A21 Determination of statistically significant virtual dark field (VDF) image 
intensity for each g-CNxHy compound: (a)-(c) summed Fourier transforms (FTs) for (a) 
Nicanite, (b) U240-gCN, and (c) U30-gCN. In each summed FT, a pixel near the center of 
the FT containing no Bragg beams is selected (marked by a green box) to generate a VDF 
image from, as shown in (d)-(f) for (d) Nicanite, (e) U240-gCN, and (f) U30-gCN. (g)-(i) 
Corresponding VDF image intensity histograms. The mean, µ, and standard deviation, σ, 
of the normal distribution curves and associated statistically significant intensity, µ+3σ, are 
displayed on each histogram. 
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Figure A22 Single layer structure model of polymeric melon, viewed parallel to the [001] 
direction, showing the [100] and [010] lattice vectors used as tilt axes for generating 
simulated electron diffraction patterns. 
 
Figure A23 Simulated electron diffraction patterns for polymeric melon for different 
degrees of tilt about the [010] lattice vector showing dimming of the (210) and (-210) 
reflections relative to the (020) reflection. 
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Figure A24 Simulated electron diffraction patterns for polymeric melon for different 
degrees of tilt about the [100] lattice vector showing dimming of the (020) reflection 
relative to the (210) and (-210) reflections. 
 
Figure A25 Simulated electron diffraction patterns for polymeric melon for different 
degrees of tilt about the [100] and [010] lattice vectors showing dimming of the (210) and 
(020) reflections relative to the (-210) reflection. 
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Figure A26 Simulated electron diffraction patterns for polymeric melon for different 
degrees of tilt about the [100] and [010] lattice vectors showing dimming of the (210) 
reflection relative to the (-210) and (020) reflections. 
 
Figure A27 Positions along the (hk0) ring, containing (210), (200), and (020) reflections, 
used to produce VDF images of (a) U240-gCN and (b) U30-gCN. 
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Figure A28 Virtual dark field (VDF) image analysis of U240-gCN (top row) and U30-gCN 
(bottom row). The left most column shows a summed Fourier transform (FT) produced by 
adding individual FTs from 2.2-nm windows across the large field of view TEM image; 
the different numbers along the low-index (hk0) ring refer to the same positions in Figure 
A27. To the right of each summed FT are three VDF images produced at positions 1, 6, 
and 9 from each material. The intensity scales in each set of VDF images were produced 
by the same method as that described for Nicanite. 
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Figure A29 Calculated incident photon flux spectrum on photoreactor in the UV-visible 
regime. 
 
Figure A30 (a) Kubelka-Munk diffuse reflectance spectra, f(R), of each g-CNxHy powder. 
(b)-(d) Normalized f(R) spectra and bandgap onset energy estimations for (b) Nicanite, (c) 
U240-gCN, and (c) U30-gCN based on a linear best-fit lines’ intercept with the wavelength-
axis. 
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Figure A31 Low magnificanition HAADF-STEM images from regions of Nicanite where 
vibraitonal EELS was acquired: (a) area 1 and (b) area 2 (energy-loss spectra are shown in 
Figure 5.2). The electron beam position corresponding to each spectra is denoted by a green 
star. The approximate spatial resoltuion of each spectra (i.e., region of speicimen producing 
50% of the signal) is represented by a green, dashed box.  
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Figure A32 Additional HAADF-STEM images of the post-photoreaction 1.6 wt% Pt/g-
CNxHy photocatalysts: (a)-(b) Nicanite, (c)-(d) U240-gCN, (e)-(f) U30-gCN. 
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Figure A33 HAADF-STEM images of Pt nanoparticles and single atoms on Nicanite 
prepared via chemical reduction route (loading = 0.15 wt% Pt). (Cropped versions of (a) 
and (d) are shown in the main text as Figure 5.4e-f). 
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Figure A34 HAADF-STEM images of the post-photoreaction 0.5 wt% Pt/Nicanite 
photocatalyst prepared via chemical reduction. 
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Figure A35 Additional HAADF-STEM images of aggregated Pt nanoparticles observed 
on U240-gCN. 
 
Figure A36 Powder XRD of the as-synthesized and post-photoreaction 0.15 wt.% 
Pt/Nicanite photocatalyst prepared via chemical reduction route. The lack of Bragg peaks 
from Pt suggest Pt is in the form of very small nanoparticles and/or single atoms. (The 
XRD pattern was collected with a Co-Kα X-ray source (λ = 0.1788790 nm) so the 2θ values 
are shifted relative to the XRD data in Figure 5.1a) 
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Estimation of Pt Particle Size Distributions 
To maximize the number of particles measured from the HAADF-STEM images, 
MIPAR image analysis software (Sosa et al., 2014) was used to identify as many Pt 
nanoparticles as possible. The result of the feature identification (“masking”) procedure is 
shown in Figure A37-Figure A38 (below). For the images of the Pt/g-CNxHys prepared 
using photodeposition (original images showin in Figure 5.4a-c), the pixel size = 0.28 nm. 
Thus, any features of size less than 2.64 nm (e.g., 3 pixels) were excluded from the final 
particle size distribtuions shown in Figure 5.6. Similarly, for the sample prepared by 
chemical reduction, feature of size less than 0.1 nm was not counted as single atoms are 
~0.1 nm in size. After these exclusions, the number of features measured for Nicanite, U240-
gCN, and U30-gCN was 98, 185, and 133, respectively, for the photodeposited samples. 
The number of features measured for the Pt/Nicanite prepared by chemical reduction was 
577.  
To ensure that each image analyzed (to produce the particle size distributions) was 
representative of the sample, at least ten regions at a similar field of view from each sample 
were inspected. The images selected for analysis ultimately were representative and 
contained less contrast from the g-CNxHy support, signifying a thinner area. As STEM 
images are a projection, analyzing thin areas ensured that most of the features were single 
Pt particles rather than multiple, smaller particles appearing as one larger particle in the 
projected image. Figure A32 and Figure A33 demonstrate some of these additional survey 
images. Obviously, the fraction of the sample inspected by STEM is going to be limited 
compared to bulk techniques like electrochemically active surface area and CO 
chemisorption measurements. However, the advantage of easy sample preparation and 
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gaining detailed particle size distributions is thought to outweigh the disadvantages of these 
bulk approaches.  
 
Figure A37 Masked images from Figure 5.4a-c produced from MIPAR image processing 
software: (a) Nicanite, (b) U240-gCN, (c) U30-gCN. The features identifed through MIPAR 
were used to calculate the Pt particle size distribtuions shown in Figure 5.6. 
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Figure A38 Example of a masked image (original image shown in Figure A33a) of 0.15 
wt% Pt/Nicanite prepared using chemical reduction, produced using MIPAR image 
processing software. 
Calculation of Active Site Densities 
1.6 wt% Pt/g-CNxHys (Prepared by Photodeposition) 
First, the Pt specific surface area was calculated based on the particle size 
distributions in Figure 5.6. The volume and surface area of each particle, assuming they 
are spherical, is: 
 
𝑉𝑖 [𝑛𝑚
3] =
4
3
𝜋 (
𝑑𝑖
2
)
3
 
[A7]  
 
  𝐴𝑖  [𝑛𝑚
2] = 4𝜋 (
𝑑𝑖
2
)
2
 
[A8]  
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Where di is the Pt particle diameter in nanometers and Vi and Ai are the corresponding 
volume and surface area for that particle, respectively. By summing all Vi’s and Ai’s, the 
total volume and surface area of Pt nanoparticles in each image is: 
 
𝑉𝑡𝑜𝑡 [𝑛𝑚
3] = ∑ 𝑉𝑖
𝑛
𝑖=1
 
[A9]  
 
𝐴𝑡𝑜𝑡 [𝑛𝑚
2] = ∑ 𝐴𝑖
𝑛
𝑖=1
 
[A10]  
where n is the total number of particles measured in each image. Using the density of Pt, 
21.45 g/cm3, the total mass of the population of measured Pt nanoparticles is: 
 
𝑀𝑡𝑜𝑡 [𝑔] = 𝑉𝑡𝑜𝑡 [𝑛𝑚
3] ∙ (10−7)3 [
𝑐𝑚3
𝑛𝑚3
] ∙ 21.45 [
𝑔
𝑐𝑚3
] 
[A11]  
And the specific surface area of Pt, SSAPt, is therefore: 
 
𝑆𝑆𝐴𝑃𝑡  [
𝑚2
𝑔
] =
𝐴𝑡𝑜𝑡[𝑛𝑚
2]
𝑀𝑡𝑜𝑡 [𝑔]
∙ (10−9)2 [
𝑚2
𝑛𝑚2
] 
[A12]  
For U240-gCN, the SSAPt value associated with the aggregate size distribution 
represents a lower limit on the dispersion, as this assumes the aggregates are spherical 
which they obviously are not as seen in the high-magnification STEM images. To give an 
upper estimate on the SSAPt for U240-gCN, we considered the average size of the smaller 
particles making up each aggregate which were ~4 nm. By simply assuming a 
monodispersion of 4 nm particles, this gives an SSAPt of 69.9 m
2/g. However, the 
aggregates clearly show that the particles within each aggregate are not completely 
exposed. Thus, it was assumed that about half of each particle was exposed giving an upper 
limit on the SSAPt equal to 34.5 m
2/g. The SSAPt results are summarized in Table A5.  
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To estimate the number of surface-exposed Pt atoms from each SSAPt value, the 
atom density of the Pt(100) close packed planes (1.3x1019 m-2) was used: 
 𝑡𝑜𝑡𝑎𝑙 # 𝑃𝑡 𝑎𝑡𝑜𝑚𝑠
= 𝑆𝑆𝐴𝑃𝑡  [
𝑚2
𝑔𝑃𝑡
] ∙ (1.3 ∙ 1019 𝑚−2) ∙ (
1.6 𝑤𝑡%
100
∙ 0.04 𝑔) 
[A13]  
0.15 wt% Pt/Nicanite (Prepared by Chemical Reduction) 
By comparing the features in the HAADF-STEM images to the feature sizes 
measured from MIPAR software, feature size ranges associated with single atoms, dimers, 
and trimers were assigned. As such, feature sizes between 0.1-0.2 nm were assigned to 
single atoms, dimers assigned to feature sizes between 0.2-0.3 nm, and trimers to sizes 0.3-
0.4 nm. Larger features were treated as nanoparticles and therefore equations A7-A13 were 
used to determine the total number of surface-exposed Pt atoms.  
The active site density was defined as the total number of surface-exposed Pt atoms 
(based on the actual Pt loading and size distributions) divided by the mass of g-CNxHy used 
in each photoreaction (i.e., 40 mg). For U240-gCN, an average of the upper and lower 
estimates of the total number of surface-exposed Pt atoms was considered yielding an 
active site density of 6.0x1018 g-1. The SSAPt, total number of surface-exposed Pt atoms, 
and active site densities are summarized in Table A5. 
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Table A5 SSAPt, total number of surface-exposed Pt atoms, and active site densities 
calculated for each Pt/g-CNxHy (PD = photodeposition, CR = chemical reduction). 
Photocatalyst SSAPt (m2/gPt) 
Total # of surface-
exposed Pt atoms 
Active site 
density (g-1) 
1.6 wt% Pt/Nicanite 
(PD) 
9.8 8.4 x 1016 2.0 x 1018 
1.6 wt% Pt/U240-
gCN (PD) 
22 (lower limit) 
34.5 (upper est.) 
1.9 x 1017 (lower limit) 
2.9 x 1017 (upper est.) 
6.0 x 1018 
1.6 wt% Pt/U30-
gCN (PD) 
16.7 1.4 x 1017 3.5 x 1018 
0.15 wt% 
Pt/Nicanite (CR) 
n/a 1.0 x 1017 2.7 x 1018 
 
Calculating TOFs 
The TOF is defined as the rate of H2 production per surface-exposed Pt atom: 
 
𝑇𝑂𝐹 [ℎ−1] =  
𝐻𝐸𝑅 [
𝜇𝑚𝑜𝑙 𝐻2
ℎ ∙ 𝑔 ]  ∙
1 𝑚𝑜𝑙
106𝜇𝑚𝑜𝑙
∙
6.02 ∙ 1023𝐻2
1 𝑚𝑜𝑙
𝐴𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑔−1]
 
[A14]  
For the Pt/g-CNxHys prepared using photodeposition, the active site densities were 
determined from the used photocatalysts. Thus, the HERs according to Figure 5.3 were 
averaged over the final portion of the photoreaction (e.g., 270-295 minutes) and used as 
the HER values in equation A14. Over this latter portion of the photoreaction, the average 
HER produced over Nicanite, U240-gCN, and U30-gCN was 739, 1464, and 603 μmol/h/g, 
respectively. For 0.15 wt% Pt/Nicanite prepared using chemical reduction, the total number 
of surface-exposed Pt atoms was determined from the fresh sample so the peak HER (870 
μmol/h/g) was used in equation A14.  
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Figure A39 Correlations between the turnover frequency (TOF) of different Pt-
functionalized g-CNxHys with the (a) stacking distance, (b) bandgap energy, and (c) 
hydrogen content in each g-CNxHy support. The dashed lines on each data set represent the 
linear best-fit lines and the R2 values represent the degree of correlation between the data 
to the fitted line (values closer to one represent a stronger linear correlation). 
Table A6 Estimated electronic mobilities, corresponding to d(002) measured from XRD, for 
each g-CNxHy based on results from Merschjann et al (Christoph Merschjann et al., 2015).  
Support d(002) (Å) Mobility (cm2V-1s-1) 
Nicanite 3.224 ± 0.006 6.12x10-5 ± 1.30x10-5 
U240-gCN 3.235 ± 0.006 3.92x10
-5 ± 9.01x10-6 
U30-gCN 3.263 ± 0.006 1.32x10
-5 ± 3.01x10-6 
 
 
Figure A40 Images of the bare g-CNxHy powders.  
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Figure A41 Gaussian fit of XRD pattern performed in Matlab from Ce-TiO2(L) over the 
range of 2θ = 31.3-36.5°, which was used to estimate the crystallite size through Scherrer 
analysis. The theoretical position of the (111) Bragg peak for bulk CeO2 fluorite is located 
at 33.27°. 
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Figure A42 Kubelka-Munk diffuse reflectance spectra from (a) TiO2(L), (b) Ce-TiO2(L), 
(c) TiO2(S), and (d) Ce-TiO2(S). In each spectrum, the linearly increasing portion of the 
spectra, representing the bandgap onset, is fit and extrapolated to the wavelength 
(horizonal) axis to estimate the bandgap energy. 
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Figure A43 Additional HAADF-STEM images of Ce-TiO2(L) showing elongated support 
particles and large, clustered, supported CeO2 particles. 
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Figure A44 HAADF-STEM images taken at low magnification from Ce-TiO2(S) showing 
the sizes of the support particles are on the order of 15-25 nm. 
 
Figure A45 Schematic representation of how photodeposition under visible light (λ > 400 
nm) could selectively depoist Pt cocatalyst near MMO interfaces, which are believed to 
facilitate visible light absorption. 
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Table A7 Summary of ICP-MS measurements performed on photoreactor supernatant 
before and after one hour of irradiation under visible light (λ > 400 nm) and calculated 
actual Pt loadings on each Ce-loaded TiO2 support. 
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Figure A46 All monochromated STEM-EELS spectra acquired from area 1, which 
contains both supported CeO2 particles and Ce single atoms. Beam positions corresponding 
to each spectrum are represented in the inset. A larger version of the HAADF image and a 
comparison of  representative spectra 1-4 can be found in Figure 6.5.  
 
Figure A47 Example of background subtraction using a single fitting window or two 
windows on valence EELS spectra containing a pre-bandgap peak. For the single window 
fit (“1 window”), the background was fit over energy-losses of 0.608-0.808 eV and 
underestimates the background intensity preceeding the TiO2 bandgp onset at 3.4 eV. With 
an additional fitting window placed at energy-losses of 3.248-3.448 eV (“2 window”), the 
background can be more accurately extrapolated over the pre-bandgap region.  
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Figure A48 Approximate spatial resolution of energy-loss spectra (a) 1-4 acquired from 
area 1 (EELS data can be found in Figure 6.5b-c), (b) 12-13 from area 2 (EELS data can 
be found in Figure 6.6b-c), and (c) 14-16 from area 3 (EELS data can be found in Figure 
6.7b-c).The spatial resolutions were estimated by considering the delocalization of inelastic 
scattering in the aloof and transmission configuration for the energy-losses in the pre-
bandgap region and is discussed in detail in the main text and the cited references (R. F. 
Egerton, 2015, 2017; Ray F Egerton, 2018).  
 
Figure A49 Comparison of energy resolution via the ZLP width (left) and relative intensity 
of ZLP tail in the bandgap region (right) for valence EELS spectra collected with a 1-mm 
entrance aperture (~15 mrad) or no aperture. Both spectra are normalized to the ZLP 
maximum intensity.  
 335 
 
 
Figure A50 Monochromated STEM-EELS taken from multiple locations of Ce-TiO2(S) 
with a large collection angle obtained by removing the spectrometer entrance aperture. (a), 
(c) STEM-HAADF images acquired from both areas prior to inserting monochromator slit. 
(b),(d) Valence energy-loss spectra from the beam positions indicated by colored stars 
(corresponding to the same colors in the spectra) shown in the HAADF images.  
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